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ABSTRACTS 


The  results  of  an  Investigation  of  the  ti me— dependen t 
behaviour  of  Jointed,  strain— weaken! ng  rock  during  fracture 
and  the  response  of  rock  masses,  with  time-dependent 
strength  and  deformation  properties,  to  tunneling,  are 
reported  in  this  thesis#  Modell  tests  with  regularly,  but 
di scont inuously ,  Jointed  coal  as  a  model  material  have  been 
undertaken  under  plane  strain  condition#  The  testing 
apparatus,  which  allows  variations  in  the  stress  ratio  from 
hydrostatic  to  uniaxial  loading,  with  a  maximum  capacity  of 
15  MPa  field  stress  is  described# 

In  the  first  part  of  this  thesis  the  time— dependen t 
fracture  behaviour  of  rock  has  been  investigated  by 
multi pie— stage  repeated  relaxation  tests  during  triaxial 
compression  tests  on  Jointed  coal  at  low  confinement 
pressure#  This  brittle  material  can  be  described  as  a 
visco— elastic,  visco— plastic  strain— weakening  material#  The 
stress— strain  behaviour  can  be  separated  into  a  stable  zone, 
where  t ime— dependent  deformations  terminate  within  an 
engineering  time— scale,  and  an  unstable  zone,  within  which 
the  rate  of  deformation  is  a  function  of  the  stress  level 
relative  to  the  current  available  strength#  This  current 
available  strength  is  the  resistance  which  can  be  mobilized 
if  the  rock  is  loaded  instantaneously#  It  is  stress-history 
and  rock  s true ture— dependen t#  Depending  on  the  loading 

history,  different  rock  structures  are  created  and  therefore 

* 

different  current  available  strengths  are  mobilized#  The 
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time-dependent  behaviour  of  rock  and  rock  masses  is  a  direct 


response  to  the  rock  structure  at  a  particular  instant* 

A  phenomenological  model  has  been  developed  which 
simulates  the  evolution  of  the  rock  structure  and  predicts 
the  time— dependent  behaviour  of  brittle  rock  subjected  to 
many  different  loading  histories*  This  model  has  been 
verified  qualitatively  on  test  results  available  in  the 
literature  and  it  describes  successfully  all  investigated 
loading  histories*  The  model  shows  that  both  a 
t i me— dependent  and  a  t ime— independent  resistance  can  be 
mobilized  in  rock  but  that  the  relative  proportion  of  these 
resistances  is  his tory— dependent  and  a  function  of  the 
accumulated  strain* 

The  model  test  results  reported  cover  mainly  the 
behaviour  of  tunnels  in  the  stress  range  before  collapse  is 
initiated  by  rupture  or  local  instability*  It  has  been  found 


that 


stress 


redistribution  due  to  non-linear 


stress— dependent  creep  properties,  anisotropic  creep 
properties  and  local  yielding  are  much  more  important  than 
generally  accepted*  Global  yielding  is  only  one  of  many 
stress— redis tribut ion  mechanisms*  The  stress— redistribution 
due  to  tunnel  excavation  causes  tunnel  closures  which  are 
identical  to  the  displacement  pattern  created  around  an 
equivalent  opening  in  an  elastic  or  visco— elastic  material* 
This  approach  of  comparing  measured  displacements  to 
displacements  around  an  "equivalent  opening"  has  been  used 
to  describe  the  test  results  and  it  indicates  that 
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ons  in  excess  of  purely  elastic  deformations  do  no 
be  caused  by  yielding  or  the  creation  of  a  plasti 
usively* 

"equivalent  opening  approach"  can  be  used  t 
effects  of  influence  parameters  such  as  initia 
ieldy  rock  mass  propertiesy  excavation  procedures 
tial  support  systems  on  the  tunnel  behaviour 
ons  related  to  design  proceduresy  constructio 


s  and  support  measures  are  discussed  in  detail# 
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RESUME 


Cette  these  explore  le  comport e ment  differe  d' une  roche 
jolntive  et  fragile  lors  de  sa  rupture  et  1* influence  du 
percement  d'un  tunnel  sur  une  roche  dont  la  resistance  et 
les  deformations  dependent  du  temps*  A  ces  fins*  1 1  auteur  a 
entrepris  des  essais  sur  modeles  reduits  de  tunnel,  en 
deformation  plane,  dans  un  charbon  dont  le  jointoiement  est 
regulier  mais  discontinue  L ' apparel llage  utilise  pour  ces 
tests  permet  une  grande  flexibilite  dans  les  conditions  de 
chargement,  qui  peuvent  varier  d'hydrostatiques  a 

uniaxiales*  II  transmet  a.  1* echanti lion  une  pression 
maximale  de  15  MPa  et  il  est  decrit  dans  le  present  ouvrage • 
La  premiere  par tie  de  cette  these  concerne  1  *  etude  de 
la  fracture  differee  des  roches*  Des  essais  de  relaxation 
repetes,  conduits  dans  des  conditions  triaxiales,  a  des 
niveaux  de  contrainte  successifs  et  a  faible  etreinte,  ont 
permis  de  caracteriser  ce  charbon  comme  etant 

vi sco— elast ique  et  vlsco— plastique ,  et  comme  presentant  un 
af faiblissement  des  contraintes  apres  rupture*  Le  chargement 
d’un  echantillon  comporte  deux  phases  successives  :  Dans  la 
phase  stable  les  deformations  s*arretent  apres  un  certain 
temps,  et  dans  la  zone  instable,  la  vitesse  des  deformations 
differees  est  fonction  du  niveau  de  contrainte,  relati vemen t 
a  la  "resistance  momentanemen t  disponible"*  L 1  express 1  on : 
"Resistance  momentanemen t  disponible"  est  utilisee  pour 

qualifier  la  resistance  que  pourrait  developper  une  roche  a. 

\ 

une  certaine  etape  de  son  chargement,  si  elle  etait  au  meme 


vi  i  i 
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instant  chargee  inst antanemen t  jusqu'a  la  rupture*  Cette 
variable  depend  de  I'historique  du  chargement  et  de  la 
structure  du  rocher*  Suivant  les  etapes  de  cet  historlque, 
le  chargement  genere  d life rentes  structures  dans  le  rocher 
et  on  observe  ainsi  dlfferentes  "resistances  momen tanemen t 
disponibles".  Le  c om porte men t  differe  des  roches  et  des 
massifs  rocheux  reflete  fideleraent  la  structure  de  ce  rocher 
a.  un  Instant  donne* 

Un  raodele  phenomenologique  a  ete  developpe  pour  simuler 
l’ evolution  de  la  structure  du  rocher  et  predire  le 
comportement  differe  d'une  roche  fragile  soumise  a  de 
nombreux  types  de  chargements  differents*  Des  resultats 
exper imen taux ,  issus  de  la  lltterature,  ont  servi  a 
confirmer  la  validlte  de  ce  modele,  qui  decrit  avec  succes 
les  differents  chargements  etudies*  II  montre  aussi  que  le 
rocher  presente,  confondues,  une  resistance  dependante  du 
temps,  et  une  qui  n 1 en  depend  pas,  dans  des  proportions  qui 
sont  fonction  de  I'historique  du  chargement  et  du  niveau  de 
deformations  cumulees* 

Les  resultats  des  essals  sur  modeles  reduits  concernent 
essen tiellement  le  comportement  des  tunnels  dans  la  zone  de 
chargement  precedant  la  ruine  (  amorcee  par  la  rupture  ou 
l *  ins tabi 1 1 te  locale  de  la  paroi )«  On  a  montre  que  les 
phenomenes  de  redistribution  des  contraintes  Jouent  un  role 
beaucoup  plus  Important  qu 1  on  le  pense  en  general*  Ces 
phenomenes  ont  plusieurs  causes:  proprietes  de  fluage  non 
linealres  et  dependantes  du  niveau  de  contrainte,  fluage 
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anisotrope  ou  local,  plastificatlon  locale  du  materlau,  le 
developpement  d'une  zone  plastlque  uniforme  n' etant  qu'une 


raison  parmi  beaucoup  d'autres*  La  redistribution  des 
contraintes  autour  d' un  tunnel  apres  son  percement  fait  que 
les  mesures  de  convergence  sont  identiques  a  celles  d'un 
tunnel  equivalent,  perce  dans  un  milieu  elastique  ou 
vi sco— elas t ique •  Cette  methode,  consistant  a  comparer  les 
deplacements  observes  dans  la  realite  a  ceux  observes  autour 
d'un  tunnel  equivalent,  a  ete  utilisee  pour  decrire  les 
resultats  exper iment aux  obtenus  sur  modeles*  Elle  montre  que 
les  deformations  qui  semblent  sortir  du  domalne  elastique  ne 
sont  pas  necessai r ement  dues  au  developpement  d'une  zone 
plas tique • 

La  "methode  de  la  cavite  equivalents"  peut  servir  a 
evaluer  les  effets  sur  le  comportement  des  tunnels  de 
facteurs  tels  :  le  champ  initial  de  contraintes,  les 
proprietes  de  la  masse  rocheuse,  la  methode  de  percement  et 
le  soutenement  initial#  La  methode  et  ce  qu'elle  implique 
pour  le  calcul,  la  construction  et  le  soutenement  des 
tunnels  sont  largement  decrits* 
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Zusammenfassung 


Das 


zeltabhaenige 


Derf ormati onsverhaiten 


von 


geklueftetem  Pels,  mit  dehnungsabhaengiger  Festigkeit 
waehrend  des  Bruches  und  dessen  Einfluss  auf  das  Verhalten 
von  Dntertagebauten,  wurde  Is  Zusammenhang  mit  dieser 
Doktorarbeit  un tersucht.  Modell  Versuche  wurden  mit 
gleichtnaesslg  und  undurchgehend  gekluefteter  Kohle  als 
Modell  Material  unternommen*  Mit  der  speziell  angefertigten 
Ve r suchse inr ichtung  kann  das  Spannungsverhaeltnl s  vom 
elnachsigen  zum  hydro— s ta tl schen  Spannungszustand,  unter 
Beibehaltung  des  ebenen  Dehnungszustandes,  variiert  werden 
und  diese  Spannungen  koennen  ueber  laengere  Zeitspannen 
konstant  gehalten  werden* 

Im  ersten  Tell  dieser  Arbeit  wird  das  zeitabhaengige 
Bruchverhalten  von  Fels»  in  mehrstufigen  Relaxations 
Versuchen  mit  wiederholter  Relaxation  von  konstanter 
Ausgangsspannungj  untersucht*  Die  geklueftete  Kohle  wurde 
auch  fuer  diese  Versuche  benuetzt,  die  unter  drei achsialem 
Spannungszus tand  mit  niederem  Zelldruck  ausgefuehrt  wurden* 
Dieses  sproede  Material  kann  kurz  als  vi sc©— elas ti sch , 


vi sco— pi as  ti sch 


mi  t 


dehnungsabhaengl ger 


Festigkeit 


umschrieben  werden*  Das  Spannungs-  und  Dehnungs verbal ten 
wird  in  zwei  Zonen  unterteilt:  In  eine  stabile  Zone,  in  der 
zeitabhaengige  Versch iebungen  begrenzt  sind,  und  in  eine 
unstabile  Zone,  in  der  die  Def ormationsge schwlndigkeit  von 

der  Groesse  der  Spannung  relative  zur  gegenwaertlg 

\ 

vorraetigen  Festigkeit  abhaengt*  Diese  gegenwaertlg 
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vorraetige  Fest igke it  1st  die  unter  maximaler 
Belastungsgeschwindigkei t  verfuegbare  Festigkeit.  Sie  1st 
vora  Spannungsweg  und  von  der  augenbllcklich  vorhandenen 
Felsstruktur  abhaengig.  Je  nach  Belastungsgeschichte  werden 
verschiedene  Felsst rukturen  erzeugt  und  die  gegenwaertig 
vorraetige  Festigkeit  aendert  sich  en tspr echend •  Das 
zeltabhaenige  Verhalten  von  Gestein  und  Pels  ist  eine 
direkte  Foige  des  gegenwaer t i gen  Zustandes  des  Gesteines  und 
deren  Verhalten  waehrend  einer  Spannungsaenderung  haengt  vom 
Strukturentwicklungsprozess  ab« 

Ein  phenomenol ogisches  Modell  wurde  auf  Grund  dieser 
Erkenntnisse  entwickelt*  Es  simuliert  die  Entwicklung  der 
Felsstruktur  und  sagt  das  zeltabhaenige  Verhalten  von 
sproedem  Fels  vorher#  Dieses  Modell  wurde  qualitativ  an 
veroeffentllchten  Versuchsresultaten  verschi edene r 
Ver suchst ypen  erfolgrelch  verlfizlert*  Dabei  wurde  gezeigt, 
dass  zei tunabhaenige  und  zeitabhaengi ge  Wi eders taende  im 
Fels  mobilisiert  werden  koennen*  Diese  Wlederstaende,  sowie 
deren  relativer  Anteil  an  der  Ge samtf est igkei t ,  sind  eine 
Funktion  der  Belastungsgeschichte  und  der  ekkumul ier ten 
Dehnung* 

Die  Resultate  der  Mode Iversuche  beschreiben  vor  allem 
das  Verhalten  von  Tunnels  vor  dem  Einsturz#  Es  wurde 
gezeigt,  dass  Spannungsum lagerungen ,  die  durch  nicht 
llneare,  spannungsabhaenige  Kriecheigenschaften,  anisotrope 
Kriecheigenschaf ten  und  lokales,  plastisches  Verhalten 
erzeugt  werden,  oft  viel  wichtiger  sind  als  generell 


xii 


angenommen  wlrd« 


Globales,  plastisches  Verhalten,  das  sehr 


oft  in  Betracht  gezogen  wird,  umfasst  nur  eine  von  vier 
moeglichen  Ursachent  die  fuer  die  Spann ungsualagerun g 
veran twort i ich  sind.  Die  durch  Spannungsuralagerung  erzeugten 


Verschiebungen  der  Tunnelwand  koennen  mit  berechnete 


n 


Verschiebungen  von  einer  equivalenten  Oeffnung  in  einem 
elastischen  Oder  visco- elastischen  Material  verglichen 
werden*  Diese  neue  Be t rac ht ungswe i se  und  Annaeherung  wurde 
zur  Erklaerung  der  Versuc hsresul tate  benuetzt.  Daraus  geht 
hervor,  dass  Verschiebungen  t  die  groesser  sind  als  die  von 
der  Elas t iz itaet st heorie  vorherge sagten ,  nicht  umbedingt 
durch  plastische  Def  or  asa  t  i  onen  he  rvorgeruf  en  werden. 

Diese  Be trach tungswe is e »  die  "equivalent  opening 
approach"  genannt  wird,  kann  dazu  benuetzt  werden  um  die 
folgenden  Einfluesse  zu  beurteilen:  Groesse  des 
Spannungsfeldes,  Eigenschaf ten  der  Felsmassen,  Ausbruch 
Verhalten  und  Ausbausystem.  Schlussf olgerungen»  sowie  deren 
Auswirkungen  auf  den  Entwurf  von  Tunnelsj  die  Bauvorgaenge 


und  Ausbautypeni  wurden  ausfuehrlich  diskutiert. 
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TABLE  OF  ABBREVIATIONS 


Special  symbols  used  in  Chapter  3  are  explained  in 
Section  3# 3  and  the  remaining  symbols  are  defined  throughout 
the  text  whenever  they  are  first  encountered* 


A  dot  below  a  letter  means  that  this  letter  is  a 
subscript*  The  following  subscribts  ar  commonly  used: 
^•••••radial  or  residual 
$ ••••• tangent ial  or  tensile 
Y • • • • • vertical 
• • « • .horizontal 

l ....  • long! tudi nal 
£•••«• normal 
y • • • ultimate 
p  •  • ■ • • peak 
J • • • • • 1 nternal 
fpg.$*  «  «  maximum 
ip  4  ¥  •  •  •mini  mum 


Some  of  the  more  frequently  used  symbols  are: 


6*<  « • • signat  normal  stress 

T*****tauy  shear  stress 

D* • • • • deviatoric  stress  =  6i  —  63 

N**«*  .stress  ratio;  6jj/6yf  or  the  ratio  between  minimum 


and  maximum  principal  field  stress 


E .... .stiffness y  Young's  Modulus 

..... .Poisson' s  Ratio 

K.....Bulk  Modulus 

G.... .Shear  Modulus 


Ni 2 » N22 .....  coefficient  of  viscosity 


65. • « .unconfined  compressive  strength 
0 •  • . . • f r ict i on  angle 


e  or  .....strain 
e  or  .....stralnrate 

u  or  . . tunnel  wall  displacement  or  closure;  and 


corresponding  closure  rate 

6.. ..« angle  generally  measured  from  a  vertical  axis 

1.. «..degree  of  separation  =  area  of  open  joint  /  total 

c ro ssec t i onal  area 

3.. ...small  increment  or  derivative. 
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CHAPTER  1 


INTRODUCTION 


1  £fi.Pg.r&i 

Tunneling  is  an  old  art.  Many  different  tunneling 
methods  have  been  developed  over  the  last  century  and 
considerable  improvements  have  been  made  in  investigation, 
design  and  construction  techniques.  For  example,  at  the 
Arlberg  Tunnel,  Austria  (John(  1976)  or  Posch(  1978  )  ),  two 
almost  parallel  tunnels  have  been  driven;  one  has  been 


completed 

in  1880 

a  nd 

the  other  in  1978. 

With  an 

area 

of 

excava  t ion 

of  9  5 

m2  a 

free  opening  of  50  m 

2  wi th  a 

supp 

0 

1 

+ 

volume  of 

45  m 3 

was 

achieved  in  1880 

while  in 

1978 

an 

excavated 

opening 

of  95 

m2  resulted  in  a  fr 

ee  opening  of 

80 

m2  with  a  support  volume  of  only  15  m3  (Figure  1.1).  This 
tremendous  improvement  has  been  reached  through  the 
application  of  new  technologies  (shotcrete,  rate  of 
excavation,  rock  bolting),  new  design  and  construction 
procedures  (flexible  Initial  and  stiff  final  support)  and 
field  instrumentation  (  exte nsome t er s ,  closure  measurement 
devices,  anchor  load  observations). 

Today,  the  rock  is  incorporated  into  the  support  system 
by  anchors  or  rockbolts  and  observations  are  used  to 
evaluate  the  opening  stability,  to  modify  design,  and  to 
optimize  the  lining  cost  and  its  installation  time.  All 
these  factors  are  circumscribed  by  the  general  terms: 
"Observational  Tunneling  Method”  or  "New  Austrian  Tunneling 


1 


* 

2 


Crossection  of  Railway  Tunnel  (1880)i 


Crossection  of  Road  Tunnel  (1978) 
(Posch,  1978) 


Figure  1*1  Kail  Tunnel-  (  1880  )  and  Road  Tunnel  (  1978  )  through 

the  Arlbergt  Austria* 


3 


Method  ( NATM )”.  Many  authors  treat  these  methods  separately 
on  the  basis  of  minor  differences  but  this  Is  not  really 
Justified  since  both  are  an  application  of  the  present 
understanding  of  the  behaviour  of  underground  openings*  They 
both  employ  the  two  most  important  principles  of 
"mobilization  of  rock  strength"  and  "monitoring  to  guide 
both  design  and  construction"* 

Current  methods  of  tunnel  design  have  evolved  from 
three  different  approaches  to  this  engineering  problem: 


experience * 


based  on  qualitative  or  quantitative 


observations;  development  of  theoretical  or  analytical 
methods;  and  model  testing  for  specific  prototypes  or 
general  investigations*  Each  area  has  its  proper  application 
and  only  a  blend  of  information  gained  from  ail  three 
approaches  may  increase  our  present  understanding  of  tunnel 
behaviour*  Application  of  analytical  methods*  particularly 
numerical  methods*  has  dominated  the  research  in  this  area 
over  the  last  decade*  Many  important  contributions  have  been 
made  by  consideration  of  the  post— failure  behaviour  of  rock, 
of  the  discontinuities  in  rock  masses*  the  three  — 
dimensional  state  of  stress  near  the  tunnel  face*  and  both 
the  active  and  passive  time— dependent  processes  such  as 
tunnel  advance  rate  and  ti me— dependent  rock  properties*  But 
it  seems  that  these  techniques  have  often  been  misused  by 
curve  fitting  without  proper  consideration  of  the  physical 


processes 


i nvolved* 


For 


example 


the 


elastic  * 


s trai n— weaken ing, 


plastic  model  with  complete  loss  of 


. 
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cohesion  has  been  used  in  cases  where  observed  strains  were 
not  sufficient  to  cause  complete  strength  loss*  Linear 
visco-elastic  models  have  been  used  to  fit,  apparently 
successfully,  field  observations  in  materials  which  have  not 
been  proven  to  be  linearly  vi sco— elastic*  On  the  other  hand, 
enormous  amounts  of  field  observations  have  been  collected 
(e*g*  Tauern  or  Arlberg  Tunnel)  and  this  information  has 
been  applied  empirically  to  control  tunnel  construction  but 
has  not  been  adequately  analysed  from  the  research  point  of 
view*  There  has  been  some  interaction  between  observation 
and  design;  nevertheless,  major  deficiencies  still  exist  in 
the  under standi ng  of  the  processes  causing  deformations  and 
instabilities*  The  most  promising  approach  which  has, 
because  of  obvious  reasons,  not  been  applied  enough, 
particularly  to  investigate  the  time— dependent  processes,  is 
physical  modeling*  Modell  tests  have  many  disadvantages  but 
they  allow  better  control  of  boundary  conditions  (e*g* 
stress  field)  and  material  properties  than  in  the  field,  and 
it  is  not  necessary  to  fix  certain,  poorly  understood, 
mechanisms  as  input  parameters*  The  latter  is  a  major 
deficiency  of  most  analytic,  conceptual,  and  numerical 
models* 

Larger  and  deeper  tunnels  under  less  favorable 
conditions  are  being  built  today  resulting  in  the  need  for 
an  even  better  understanding  of  the  rock  mass  response  to  an 
excavation  of  an  underground  opening*  In  the  last  few  years 


it  has  been  generally  accepted  that  field  observations  are 
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essential  for  the  success  of  a  tunneling  project  ancf  that 
these  initial  investments  result  in  significant  financial 
savings  if  applied  correctly*  The  feedback  from  observation 
to  design  and  extrapolation  beyond  the  time  of  the  last 
measurement  are  the  most  difficult  tasks  for  the  tunneling 
engineer  and  this  problem  constitutes  the  weakest  point  in 
the  tunnel  design  procedure*  The  author  concluded  that  the 
most  important  areas  in  rock  tunneling  are  related  to  the 
time-dependent  response  of  a  rock  mass  to  a  change  in  stress 
field,  and  the  problem  of  extrapolation  from  field 
measurements  to  a  particular  time  after  tunnel  completion* 
To  make  any  extrapolation  in  time  it  is  essential  to 
understand  the  processes  involved,  and  it  follows  that  the 
initial  investigation  should  delineate  the  processes 
relevant  for  the  ti me— dependent  behaviour  of  strain  — 
weakening  rock  masses* 

This  view  is  supported  by  Muir  Wood(1979)  who,  in  a 
detailed  exposition  on  the  ground  behaviour  during 
tunneling,  concluded  that  unification  in  the  field  of  time  — 
dependent  deformation  is  required* 


1±2 


a  E stk  Mass  tfi 


of 


a  Ximnal 


Many  time-dependent  processes  may  cause  time-dependent 
straining  within  the  rock  mass  and  consequent  deformation  of 
a  tunnel*  Some  of  the  processes  which  will  not  be  discussed 


deal  with  viscous  rock  Crock  salt)  and  swelling  rocks 
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(shale)*  Time— dependent  weakening  and  the  influence  of 
time-dependent  post— failure  behaviour  are  two  mechanisms 
which  may  influence  the  stability  of  an  opening  and  may 


control 


the  t ime— dependent  deformations  around  an 


underground  opening*  Egger(  1973  )  and  DaemenC  1975  )  showed  the 
importance  of  the  post— failure  relationship  between  stress 
and  strain  for  tunnel  stability*  From  their  work  it  follows 
directly  that  ti me— dependent  failure  processes  and 
t i me— dependent  post— peak  stress— strain  relationships  must 
play  a  dominant  role  in  the  behaviour  of  s t ra in— wea ken i ng 
materials  with  a  time— dependent  peak  strength* 

Most  rocks  have  been  deformed  and  fractured  during  this 
long  geological  history  through  the  action  of  tectonic  and 
other  stresses*  The  rock  mass  is  therefore  weakened  and 
excavation  of  an  opening  in  this  material  causes 
overstressing  due  to  stress  concentrations  created  near  the 
opening*  The  following  time— dependent  process  has  been 
developed  as  a  working  hypothesis  for  this  thesis* 

As  soon  as  an  opening  is  excavated  tangential  stress 
concentrations  are  created  near  the  opening  wall,  where  the 
radial  or  confining  stresses  are  smallest*  The  stress  level, 
relative  to  the  rock  mass  peak  strength  is  highest  near  the 
opening*  Most  rock  materials  show  a  stress— dependent  creep 
rate  and  this  results  in  a  rapid  stress  relaxation  near  the 
opening  and  in  a  stress  redistribution  due  to  differential 
creep  rates  to  a  zone  of  higher  confinement  (This  is 


illustrated  in  Chapter  6,  Figure  6«6*a)*  At  great  depth  or 


, 
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in  weak  rock  "the  stress  concentrations  are  too  high  and  the 
rock  yields#  A  plastic  zone  is  created  in  which  elements 
closest  to  the  tunnel  are  strained  beyond  their  peak 
strength,  elements  farther  inside  the  rock  mass,  in  an 
intermediate  zone,  are  strained  to  near— peak  stress  levels, 
and  elements  even  farther  Inside  the  rock  mass  ere  strained 
within  the  elastic  range#  The  process  of  stress 
redistribution  due  to  differential  creep  rates  still  applies 
but  other  processes  are  superimposed#  In  the  intermediate 
zone,  an  element  loses  strength  since  most  rocks  have  a 
long-term  strength  which  is  lower  than  the  short-term 
strength#  This  loss  in  strength  has  to  be  balanced  by  a 
stress  redistribution  to  stronger  elements  or  elements  in 
higher  confinement  areas#  Any  stress  transfer  results  in 
additional  strains  and  displacements  which  in  turn  cause  an 
additional  strength  loss  in  the  plastic  zone  closer  to  the 
tunnel  wall#  An  element  in  this  zone  will  gradually  approach 
its  ultimate  strength  and  if  it  possesses  a  time— dependent 
or  rate— dependent  strength,  like  a  vlsco- plasti c  material, 
it  loses  some  of  its  resistance  with  time  and  contributes  to 
a  further  stress  redistribution#  (This  is  illustrated  in 
Chapter  6,  Figure  6#6#b)#  Furthermore,  an  element  which  was 
initially  in  the  elastic  zone,  but  close  to  its  peak 
strength,  will  be  loaded  and  overstressed  as  a  consequence 
of  this  stress  transfer#  It  will  lose  strength  as  a  function 
of  time  and  cause  propagation  of  the  plastic  zone  as  well  as 
additional  stress  redistribution#  In  summary, 
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stress-dependent  creep  properties »  time-dependent  strength 
loss  and  strain  —  weakening  are  three  major  causes  of 
ti me— dependent  stress  redistribution  which  have  to  be 
considered  in  the  evaluation  of  tunnel  closure  and 
extensometer  measurements*  The  major  aim  of  this  thesis  is 
to  investigate  the  relevance  of  the  two  latter  points  $ 
strength  loss  and  weakening*  The  work  presented  by  Guenot 
(1979)  is  a  continuation  of  this  objective  and  the  thesis  by 
da  Fontoura( 1980)  is  closely  related  to  this  topic* 

The  ti me— dependent  propagation  of  the  plastic  zone 
terminates  eventually  for  several  reasons*  The  stress  level 
to  which  rock  elements  outside  the  plastic  zone  are  stressed 
dereases  with  increasing  distance  from  the  funnel  wall  and 
yielding  as  well  as  stress  redistribution  becomes  less 
likely  and  less  dominant  during  the  expansion  of  the  plastic 
zone*  The  rock  mass  becomes  more  ductile  as  the  confinement 
pressure  increases  and  this  causes  a  further  slow-down  of 
the  fracture  propagation  resulting  in  a  decelerating  stress 
transfer*  The  effective  size  and  shape  of  the  opening 
changes  towards  the  most  stable  configuration  during  stress 
redistribution  or  yields  unless  overall  instability 
(fracture  propagation  to  the  surface)  is  initiated* 

In  the  case  of  non— symmetric  propagation  of  a  plastic 
zone*  strength  and  ductility  may  change  due  to  a  change  in 
rock  element  size  and  shape  at  the  fracture  point*  Local 
weaknesses  become  less  important  and  local  instabilities 
less  likely*  This  process  normally  reaches  a  stable 
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equilibrium  which  does  not  preclude  fractured  rock 
penetrating  the  opening*  It  Indicates  rather  that  there  is 
only  a  limited  zone  of  rock  which  has  failed  and  needs 
support*  This  point  is  supported  by  observations  discussed 
by  Professor  Tincelin  at  the  AFTES— meet ing  in  Paris  (1978) 
who  observed  that  support  pressures  in  practice  seldom 
exceed  0*1  to  0*2  MPa,  pressures  significantly  lower  than 
theoretically  predicted  by  various  methods* 

JL«3  Ssope  and  QrgfiB JL-ZftligB  Stl  ±hl&  Tfrgffig 

The  objective  of  this  thesis,  very  broedly  formulated, 
is  to  study  the  influence  of  time— dependent  rock  mass 
properties  and  the  time-dependent  fracture  process  on  the 
behaviour  of  tunnels  in  a  stra in— weakening  rock  mass* 
Because  of  the  special  emphasis  put  on  the  study  of  rock 
mass  rather  than  on  intact  rock  behaviour,  only  two  possible 
approaches  appeared  practical:  a  study  of  case  histories  or 
model  testing*  The  first  possibility  was  eliminated  for  two 
reasons:  (a)  loading  history  (  face  advance),  boundary 
conditions,  and  rock  structure  cannot  be  controlled  to 
eliminate  complex  interaction,  and  observations  can  normally 
be  started  only  after  excavation;  (b)  ideal  case  histories 
where  ti me— dependent  fracture  processes  dominate  are  rare 
and  were  not  accessible*  Even  though  model  testing  has  many 
drawbacks,  it  was  found  to  be  the  only  alternative*  The  fact 
that  a  natural,  jointed  material  (coal)  with  most  of  the 


required  properties  was  available  and  could  be  used  as  a 
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model  material  convinced  the  author  of  the  usefulness  of 
model  studies*  Some  of  the  most  Important  characteristics  of 
the  selected  model  material  are: 

—  discontinuous  jointing  at  a  regular  spacing  of  1  to  3 
cm  ; 

—  brittleness,  even  at  high  confining  pressures  (>1*0 
MPa  ); 

—  t Ime— dependent  strength;  and 

—  high  frictional  resistance* 

This  material  had  been  studied  by  Noonan  (1972)  In  direct 
shear  tests  but  additional  information,  especially  on  the 
time— dependent  fracture  behaviour,  was  needed* 

Chapter  2  summarizes  the  origin  and  the  geology  as  well 
as  the  mechanical  properties  of  the  coal*  Data  from  direct 
shear  tests  and  triaxial  compression  tests  at  confining 
pressures  up  to  1  MPa  conducted  by  the  author  and  Guenot 
(1979)  are  shown* 

In  Chapter  3  results  from  multiple-stage  repeated 
relaxation  tests  are  discussed  to  describe  the  time  — 
dependent  fracture  behaviour  of  the  coal  at  low  confining 
pressure*  Only  one  mode  of  failure,  the  development  of  a 
shear  plane  parallel  to  existing  joints  but  through  rock 
bridges,  is  investigated*  A  schematic  stress  —  strain 
diagram  for  a  brittle  rock  is  developed  and  used  to  describe 
the  time  —  dependent  fracture  process*  A  summary  of  this 
chapter  has  been  published  by  Kaiser  and  Morgenstern  (1979)* 


As  a  result  of  these  investigations,  a  phenomenological 
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model  which  describes  (and  explains  to  some  extent)  the  time 
—  dependent  fracture  behaviour  of  st rai n— weaken! ng  rock  has 
been  developed.  The  response  of  this  model  to  various 
loading  histories  has  been  illustrated  by  a  simplified  model 
and  compared  with  test  data,  reported  in  the  literature, 
from  tests  on  rock  subjected  to  corre spondi ng  loading 
histories.  The  results  of  this  investigation  are  reported  in 
Chapter  4. 

The  second  part  of  this  thesis  deals  with  model  tests. 
Reasons  for  the  model  testing,  the  scope  of  the  program,  and 
the  model  test  apparatus  are  discussed  in  Chapter  5.  The 
method  of  sample  preparation,  the  general  loading  history, 
the  data  processing  procedures  and  an  explanation  of  the 
various  ways  of  data  presentation  are  presented  in  the  same 
chapter • 

An  interpretation  of  the  test  results  from  tests  on  one 
coal  sample  are  given  in  Chapter  6.  Reloading  cycles  and 
stage  creep  tests  have  been  undertaken  with  stress  ratios  N 
varying  between  1.0  and  0.2.  The  stress  ratio  N  is  defined 
as  the  ratio  between  minimum  (or  horizontal)  principal  field 
stress  and  maximum  (or  vertical)  principal  field  stress. 
Linear  elastic  and  linear  visco-elastic  material  models  have 
been  used  to  interpret  the  test  results,  and  a  new  approach, 
called  "equivalent  opening  approach",  has  been  developed  to 
explain  observations  made  during  these  model  tests. 

In  the  final  Chapter  7  conclusions  are  summarized  and 


implications  as  well  as  recommendations  for  further  research 


„ 
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are  discussed. 


. 


' 


CHAPTER  2 


GEOLOGY  AND  MECHANICAL  PROPERTIES  OF  COAL 


The  coal  investigated  was  selected  as  a  model  material 


because  of  two  major  factors*  First,  as  a  Jointed,  brittle 
material  with  ti me— dependent  strength  and  deformation 
characteristics,  coal  is  an  ideal  material  for  the 
investigation  of  the  effects  of  the  time— dependen t  failure 
mechanisms*  Second,  the  regular  Joint  pattern,  with  a 
spacing  of  less  than  a  few  centimeters,  and  the  strength  of 
the  coal  are  ideal  for  the  modeling  of  a  rock  mass 
surrounding  an  opening*  The  use  of  a  natural  material 
overcomes  many  deficiencies  of  an  artificial  model  material* 
The  brittleness  allows  the  study  of  the  effects  of  strength 
loss  at  low  confinement  whereas  the  time— dependent  strength 
enables  the  investigation  of  these  processes  as  a  function 
of  time*  The  nearly  linear  elastic  properties  within  a 
limited  stress  range  make  it  possible  to  check  the 
instrumentation,  to  estimate  the  stress  distribution  and  to 
predict  performance  under  changing  stress  conditions* 

The  purpose  of  this  chapter  is  to  describe  the  coal 
used  as  a  model  material,  to  establish  its  mechanical 
properties,  and  to  investigate  the  ti me— dependen t  failure 
mechanisms  of  a  Jointed  rock  mass  near  failure*  The  term 
"failure"  is  used  in  this  context  with  a  somewhat  wider 
definition  than  usual  to  describe  the  entire  range  where 
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excessive  yielding  occurs  with  or  without  simultaneous 
strength  loss*  Initial  failure  occurs  at  peak  strength  and 
subsequent  failures  are  possible  after  reloading  at  strains 
exceeding  peak  failure  strain  at  stresses  below  peak  but  at, 
or  above,  ultimate  strength* 


2jl2.  6g..glpgy 

2*2*1  Site  Location 

All  samples  tested  in  direct  shear,  triaxial 
compression  or  model  tests  were  obtained  from  the  Highvale 
Mine  of  the  Sundance  Power  Plant  on  the  south  shore  of 
Wabamun  Lake  approximately  75  km  west  of  Edmonton  in  Tp  52, 
R4,  W*  5th  Mer*  The  Highvale  Mine  is  operated  by  Alberta 
Coal  Ltd*  and  produces  the  coal  for  the  power  plant  owned  by 
Calgary  Power  Ltd*  The  Wabamun  Lake  district  is  on  area  of 
low  relief  at  elevations  between  700  and  800  meters  within 
the  plains  area  of  central  and  eastern  Alberta* 

2*2*2  General  Geology 

The  geology  of  the  Wabamun  district  is  described  in  a 
report  by  Pearson!  1959 )  and  a  brief  summery  is  given  here* 
Sandstones,  shales  and  coal  seams  of  late  Cretaceous  and 
early  Tertiary  ages  deposited  in  a  fresh-water  environment 
constitute  the  bedrocks  of  the  Wabamun  Lake  district*  The 
upper  Cretaceous  is  represented  by  the  upper  part  of  the 
Edmonton  Formation  composed  of  bentonitic  clay— shales,  with 
minor  sandstones  and  coal  seams  of  varying  thickness  up  to  5 


*1 
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meters*  The  lower  Tertiary  is  represented  by  the  Paskapoo 
Formation*  a  massive  sandstone  with  a  few  thin  shale  bands* 
A  thick  coal— bearing  zone  has  been  found  near  the  top  of  the 
Edmonton  Formation  at  numerous  points  throughout  the  Wabamun 
district  from  Pembina  River  6*5  km  north  of  Entwistle  to  the 
North  Saskatchewan  River  at  Coal  Arch*  This  coal  unit  is 
laterally  discontinuous  and  can  be  subdivided  into  several 
seams  separated  by  shale  or  sandstone*  In  the  vicinity  of 
Wabamun  Lake  it  is  approximately  10  m  thick*  The  coal  at 
Sundance  is  less  fractured  than  on  the  north  side  of  the 
lake*  This  can  be  attributed  most  likely  to  ice  thrust 
action  during  Pleistocene  times* 

A  mantle  of  glacial  tills*  sands  and  gravels  of 
generally  less  than  15  m  thickness  overlies  most  of  the 


Edmonton 

and 

Paskapoo  strata 

in  the  Wabamun  Lake 

district 

except 

for  a 

belt  a  few  miles 

wide  along 

the  south 

shore  of 

Wabamun 

Lake* 

The  tills  are 

large ly 

clayey  to 

sandy  in 

texture • 

The  Cretaceous  and  Tertiary  strata  in  the  Wabamun  Lake 
district  dip  between  4  and  10  meters  per  kilometer  to  the 
southwest*  The  dip  is  modified  by  near— surface  features 
produced  by  ice  movement*  The  distance  between  these  small 
"anticlines"  and  " synclines"  ("rolls")  is  in  general  less 
than  100  m* 


2*2*3  Structure  of  Coal 
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All  samples  were  obtained  from  the  west  pit  at  the 
Highvale  Mine  (Sundance)*  Two  major  seams  are  mined  at  this 
location  after  removing  about  10  m  of  till  by  dragline*  The 
seams  have  to  be  blasted  with  light  explosive  charges  to 
loosen  them  for  loading* 

The  samples  were  taken  from  the  upper  of  the  two  main 
seams*  A  detailed  structural  survey  was  conducted  by 
Noonan(  1972  )  and  is  summarized  briefly*  The  coal  seam  is 
horizontally  bedded  with  a  major  set  of  joints  oriented 
N45°E  perpendicular  to  the  bedding*  The  spacing  of  these 
essentially  planar  but  discontinuous  joints  is  in  general 
between  1  cm  and  3  cm  with  an  average  of  approximately  2  cm* 
They  do  not  continue  across  major  bedding  planes  that 
consist  of  thin  bands  of  clay-rich  coal  or  shale  interbedded 
within  the  coal*  Fractures  normal  to  the  joint  planes  are 
non-planar  and  do  not  continue  across  joint  planes*  The 
bedding  planes  and  the  joints  constitute  major  planes  of 
weakness* 


Coal  is  a  product  of  plant  material  sedimented  in  water 
together  with  pockets  or  layers  of  sandy  silt  or  clay  and  it 
is  an  extremely  heterogeneous  rock  containing  remnants  of 
tree  trunks  and  branches*  These  inclusions  cause  variations 
in  stiffness  that  lead  to  differential  straining  during 
stress  release*  As  a  result y  fan— shaped  or  circular  fracture 
patterns  can  be  observed  which  dominate  the  structure 
locally*  These  patterns  were  often  observed  on  the  blocks 


used  for  model  testing  and  must  be  considered  in  the 


' 
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interpretation  of  test  results* 

2*2*4  Composition  of  Coal 

Standsfield  and  Lang(1944)  classified  the  coal  in  the 
Wabamun  district  as  subb i luminous  B  according  to  the 
Canadian  classification*  Approximate  analyses  of  three 
samples  showed  the  following  composition  in  percent  weight 
( Pearsont  1959  )  ): 


Moi sture 

21.4 

21.8 

18.4 

Ash 

8.0 

14.9 

11.9 

Volatile  Matter 

28.3 

24.4 

27.4 

Fixed  Carbon 

42.3 

38.9 

42.3 

Fuel  Ratio 

1.50 

1.59 

1.5 

Gross  B*t*u*  per  lb* 

8920 

8000 

8720 

The  last  two  columns  are  the  results  from  an  analyses  made 
by  the  Research  Council  of  Alberta  on  samples  from  the  Upper 
Main  Seam  and  the  Lower  Main  Seam  south  of  Wabamun  Laket 
respectively  (Pearsont 1959)). 

Pea rson( 1959 )  describes  the  composition  of  the  coal 
using  the  petrographic  classification  system  suggested  by 
Hacquebard(  1951  )  ( Vitrain  with  100—96%  Vitrinite;  Clarain 
with  95—51%,  Claro— Durain  with  50—21%  ana  Durain  with  20—0% 
Vitrinite)  as  follows: 


* 
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"All  seams 
layered,  and 
claro— dural n , 
heterogeneous 
but  vitrain 
some  samples 
lenses  and 
from  drill  ho 
major  parts 
consisting  la 


in  the  Wabamun  Lake  district  are  thinly 
the  four  rock  types  (  vitrain,  clarain, 
and  durain)  are  intimitely  mixed  in  the 
coal  mass*  Clarain  generally  predominates, 
is  present  in  lenses  up  to  5  mm  thick  in 
;  the  coals  are  essentially  bright,  with 
layers  of  dull  coal*  Examination  of  samples 
les  south  of  Wabamun  Lake  indicate  that  the 
of  the  two  main  seams  are  bright  coals 
rgely  of  vitrain  and  clarain*" 


This  description  applies  accurately  to  the  coal  tested  in 


this  research  program. 


2*3  Strength  of  goal 

A  number  of  direct  shear  and  triaxial  compression  tests 
were  undertaken  to  evaluate  the  strength  parameters  and  the 
st ress— strain  relationship  of  the  coal,  particularly  in  the 
direction  of  the  joints*  At  the  outset,  only  soil  triaxial 
compression  test  cells  with  a  maximum  confinement  pressure 
of  1  MPa  and  one  rock  shear  test  machine  were  available*  In 
the  final  stage  of  this  study  a  few  high  pressure  triaxial 
compression  tests  Cup  to  10  MPa)  were  conducted  on  small 
diameter  samples* 

2.3*1  Information  from  Previous  Testing 

Strength  testing  on  this  coal  was  conducted  by 
NoonanC  1972 )  in  direct  shear  tests  on  precut  and  "Intact" 
samples*  The  results  of  this  study  were  summarized  by 
Morgenstern  and  NoonanC  1974  )  • 

A  series  of  classification  tests  yielded  average  values 
for  moisture  content,  specific  gravity  and  bulk  density  of 
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24%,  1*58  and  1*38  g/cm3  with  no  significant  deviation  from 
these  average  values*  Saturation  ranged  from  79  to  100%*  A 
constant  residual,  angle  of  friction  of  0j*  =  30°  was  obtained 
on  pre-cut  samples  (5*1  by  5*1  cm)  with  the  shear  plane 
parallel  to  the  bedding  planey  the  Joint  planes 
perpendicular  to  it  and  a  maximum  normal  stress  of  7  MPa* 
Young's  Modulus  E  was  estimated  and  varied  depending  on 
sample  orientation  and  normal  stress  (less  than  0*7  MPa) 
between  140  and  550  MPa*  The  Young's  Modulus  tends  to 
increase  with  increasing  normal  stress  due  to  fracture  and 
Joint  closure*  The  peak  strength  parameters  c  and  0  for  low 
normal  stresses  of  less  than  0*55  MPa  were  determined  for 
several  sample  orientations*  Along  the  bedding  plane  0  = 
41°y  c  =  0*39  to  0*52  MPa  and  perpendicular  to  it  with 
varying  Joint  plane  orientation  0  =  66°,  c  =  0*12  to  0*35 
MPa  was  calculated*  Shear  displacement  at  peak  failure  was 
several  orders  of  magnitude  greater  than  the  measured 
dilation*  It  was  concluded  that  the  peak  friction  angle  for 
discontinuous  shear  planes  is  a  function  of  material 
strength  rather  than  the  geometry  of  the  discontinuities* 

For  continuous  shear  surfaces  after  the  peak  strength 
was  overcome  the  shear  resistance  could  be  related  to 
tan( 0f+l )  where  0f  is  the  residual  friction  angle  and  i  the 
inclination  of  the  shear  surface  with  respect  to  the 
direction  of  the  applied  shear  load* 

These  results  are  supported  in  general  by  the  direct 


shear  test  data  presented  later* 


* 
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2*  3« 2  Sampling  and  Sample  Preparation  tor  Laboratory  Testing 

2.3.2«1  Method  of  Sampling 

First  an  attempt  was  made  to  drill  25  cm  diameter 
undisturbed  samples  perpendicular  to  the  bedding  plane  with 
the  drill  equipment  shown  in  Plate  2*1*  This  machine  was 
built  at  the  University  of  Alberta  and  an  earlier  version 
was  first  used  and  described  by  Krahn(  1974  )  •  Due  to 
rotation  of  the  core  and  shearing  along  the  bedding  plane  it 
was  not  possible  to  recover  samples  longer  than 
approximately  20  cm*  Many  of  the  bedding  planes  were 
separated  during  the  blasting  operation  needed  to  assist 
loading  of  the  coal*  These  cores  were  large  enough  to  trim 
samples  for  the  direct  shear  tests  but  not  sufficient  for 
the  triaxial  compression  tests*  From  this  and  Noonan's 
experience  it  was  concluded  that  the  only  way  to  get  good 
and  consistent  samples  was  to  collect  large  blocks  of  coal 
(60  by  60  by  30  cm)  and  to  drill  samples  from  them  in  the 
laboratory  with  special  coring  equipment*  By  this  method  it 
was  possible  to  recover  about  ten  samples  per  block  with  a 
success  rate  of  50  to  70%  and  to  ensure  reasonable 
consistency*  The  digit  in  the  sample  number  indicates  the 
block  number  from  which  the  sample  was  cored  (e*g*  TR-1B, 
stands  for  triaxial  compression  test  sample  —  Block  1,  Core 
B)*  Blocks  and  samples  were  wrapped  with  plastic  and  stored 
in  a  moist  room  at  10°  C  and  100%  relative  humidity  after 
transportation  to  the  laboratory,  after  coring  or  trimming 


and  after  casting  before  testing*  Only  samples  which  were 
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Samples  Perpendicular 
Coal 


Plate  2« 1  Drilling  of 


to  Bedding  of 
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kept  for  a  few  years  showed  signs  of  dessication. 

Trimming 

The  biocks  for  the  direct  shear  tests  were  cut  to  about 
one  half  centimeter  under  shear  box  size  on  all  sides  using 
a  Northland  concrete  saw  (Noonant 1972))  and  stored  for 
casting.  The  ends  of  the  cores  for  the  compression  tests 
were  trimmed  to  the  proper  length  by  a  specimen  saw  which 
allowed  more  accurate  alignment.  Water  was  used  as  a  cutting 
fluid.  The  cut-off  ends  were  used  to  determine  the  pre-test 
moisture  content.  After  trimming*  the  ends  were  ground  with 
decreasing  grades  of  sandpaper  to  parallel  surfaces  within 
about  a  tenth  of  a  millimeter.  It  was  difficult  to  prevent 
chipping  of  the  edges  of  the  sample  and  extreme  care  was 
necessary  to  obtain  acceptable  samples. 

2. 3. 2 . 3  Casting 

The  samples  for  the  direct  shear  test  were  cast  in 
Devcon  B  plastic  steel  epoxy  to  ensure  snug  fit  in  the  shear 
box  and  flat  surfaces  for  seating  and  loading.  A  one 
centimeter  gap  was  left  open  in  the  middle  of  the  sample  to 
accommodate  the  shear  plane.  If  any  portion  of  a  Joint  was 
visible  it  was  positioned  at  this  elevation  to  cause  failure 


through  the  joint. 
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2*  3*  3  Direct  Shear  Tests 


2.3«3»1  Testing  Procedure 

A  series  of  9  tests  were  run  on  6  cm  thick  coal  samples 
in  the  modified  direct  shear  machine  described  by  Noonan 
(1972)*  The  design  of  the  machine  allowed  the  use  of  two 
different  sizes  of  shear  boxes*  a  S  by  12  cm  and  a  5*08  by 
5*08  cm  box*  Tests  1  to  3  were  conducted  in  the  larger  box 
and  tests  5A  to  5F  in  the  smaller  box*  All  samples  were 
tested  in  their  natural  state  at  a  constant  deformation  rate 
of  0*0488  mm/min  up  to  the  first  peak  and  0*244  mm/min  after 
peak  and  on  displacement  reversals*  The  normal  load  was 
applied  one  day  before  shearing  was  started*  A  maximum  shear 
displacement  of  one  centimeter  in  each  direction  and  at 
least  one  reversal  of  the  displacement  direction  were 
imposed  on  the  samples*  A  maximum  of  five  reversals  were 
applied  to  sample  5E*  Horizontal  displacement  of  the  shear 
box  and  vertical  movement  of  the  normal  load  frame  were 
measured  using  linear  voltage  displacement  transducers 
( LVDTs  )•  The  shear  force  was  measured  by  a  load  cell  with  45 
kN  capacity*  A  shear  load  versus  displacement  graph  was 
plotted  on  a  X—Y— recorder  and  the  output  of  the  three 
measuring  devices  was  printed  at  selected  intervals* 

All  shear  stress  displacement  graphs  showed  a  sharp 
drop  of  shear  stress  after  peak  strength  was  reached*  as  a 


result  of  the  release  of  strain  energy  stored  in  the 


relatively  soft 


loading  system* 
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2.3.3.  2  Sample  Orientation  and  Description 

The  moisture  content  of  the  samples  was  determined 
indirectly  on  the  portions  cut  off  during  trimming  of  the 
samples*  The  average  moisture  content  was  23*8%  with  little 
variation.  Drying  at  temperatures  between  75°  and  125°C  for 
an  additional  period  of  up  to  5  days  did  not  produce  any 
significant  changes  in  the  moisture  content. 

Sample  1  was  the  only  sample  tested  with  the  shear 
plane  parallel  to  the  bedding  plane  and  the  shear  force 
acting  parallel  to  the  vertical  Joint  plane.  This 
configuration  corresponds  to  type  A  (Morgenstern  and 
NoonanC  1 974 )  )  and  the  observed  peak  strength  is  close  to  the 
failure  envelope  reported  by  these  authors.  The  sample  area 
was  84  cm2  and  the  Joint  spacing  was  approximately  6  mm. 

Samples  2  and  3,  with  an  area  of  103.6  cm2  and  100.4 
cm2,  were  sheared  parallel  to  the  Joint  plane  with  the 
bedding  plane  vertical  and  parallel  to  the  shear  force.  This 
configuration  corresponds  to  type  F  (Morgenstern  and 
Noonan(  1974 )  )  and  again  good  agreement  with  the  peak 
strength  envelope  reported  by  them  was  observed.  The  degree 
of  separation  X,  the  ratio  between  open  Joint  area  and  total 
cross-sectional  area,  was  estimated  by  eye  to  be  20%  and 
30%,  respectively.  Open  Joints  could  be  distinguished  easily 
from  the  dull,  crushed  rock  bridges  because  of  the  bright 
appearance  ( vitrain  and  clairain  )  of  the  Joint  surfaces. 
This  -method  of  estimating  the  degree  of  separation  was  used 


for  all  direct  shear  and  triaxial  compression  tests.  Even 
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though  X  is  not  measured  accurately  it  gives  a  good 
indication  of  the  sample's  intrinsic  strength  since  the  peak 
strength  is  directly  related  to  the  percentage  of  Intact 
rock. 

Samples  5A  to  5E  were  also  of  the  type  F  configuration 
with  joint  planes  parallel  to  the  shear  plane  and  bedding 
planes  parallel  to  the  direction  of  the  shear  force.  These 
samples  with  cross-sectional  areas  of  14.7  to  15.8  cm2  were 
tested  in  the  smaller  shear  box.  The  estimated  degrees  of 
separation  were  approximately  20,  50,  55,  75,  25  and  65%  for 
samples  5A  to  5F  respective ly,  and  are  indicated  in  Figure 


2.1  in  brackets  beside  the  peak  strength* 


2. 3.3.3  Direct  Shear  Test  Results 

The  strength  data  are  summarized  in  a  shear  stress 
versus  normal  stress  plot  in  Figure  2.1.  The  shear  and 
normal  stresses  were  corrected  as  a  function  of  shear 
displacement  to  compensate  for  the  reduction  in  the  cross  — 
sectional  area.  Test  numbers  are  circled  and  the  maximum  and 
minimum  shear  resistances  for  each  shear  displacement 
reversal  are  numbered  consecutively  Cl  for  first  shear,  2 
for  reversed  shear,  etc.  )•  The  results  from  Noonan  (1972  ) 
for  type  A  and  F  are  indicated  on  Figure  2.1  by  two  lines 
for  the  peak  strength  (normal  stress  range  0  to  1  MPa)  and 
the  ultimate  resistance  for  shear  along  the  bedding  plane 

(normal  stress  range  0  to  7  MPa).  Reasonable  agreement  with 

* 

these  data  can  be  observed.  The  ultimate  resistance 


‘ 
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Figure  2»  1  Mohr  Diagram  of  Direct  Sheer  Test  Data  (Test: 

Nc.lt2*3  and  5A  to  5F  ) 
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corrected  for  dilation*  and  indicated  by  the  squares*  was 
calculated  in  the  following  manner  (or  measured  at  a  point 
where  no  dilation  was  observed)*  The  inclination  i  of  the 
shear  plane  was  determined  from  the  measured  shear  and 
vertical  displacement  and  the  resistance  was  then  calculated 
under  the  assumption  that  the  cohesion  was  small  enough  to 
be  neglected*  Patton's  (1966)  shear  strength  equation  T  = 
(  6b  )  tan( 0f+i  )  was  assumed  applicable*  From  this  equation  it 
follows  that  tan(  0j+l)  is  equal  to  the  ratio  between 
measured  shear  stress  and  normal  stress*  If  1  is  known  0j* 
can  be  calculated*  The  corresponding  resistance  Ty  =  (  6jj  ) 
tan(  0£ )  was  then  calculated  and  plotted  as  squares  in  Figure 
2.1*  The  various  data  points  correspond  to  the  different 
reversals  and  to  values  determined  at  the  beginning  and  end 
of  a  particular  reversal*  The  figure  shows  that  these  points 
lay  on  both  sides  of  Noonan's  envelope  for  ultimate  strength 
and  that  the  assumption  of  an  ultimate  friction  angle  of 
0yU  =  30°  is  adequate*  The  term  ultimate  instead  of 
residual  is  used  by  the  author  because  of  the  fact  that 
there  is  no  true  residual  strength  of  rock  ( Krahn  and 
Morgenstern(  1979  )  )• 

During  initial  loading  the  sample  is  deformed  until 
stresses  locally  exceed  the  strength  of  the  material* 
Depending  on  the  original  structure  of  a  sample*  failure  may 
start  from  the  stress  concentrations  near  the  point  of  load 
application,  from  internal  stress  concentrations  at  the  end 


of  existing  fractures,  joints  or  cracks,  or  from  areas  where 
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tensile  stresses  exceed  the  tensile  strength  of  the 
material*  During  this  failure  process  the  sample  dilates  and 
a  shear  surface  is  created*  Peak  dilation  angles  in  the 
order  of  20—30°  were  observed*  The  displacement  at  peak 
shear  strength  was  2*96,  4*0  and  5*18  inm  for  the  sample  No* 
1  to  3  and  between  2*16  and  3*7  mm  for  the  samples  No*  5A  to 
5F •  The  geometry  of  these  shear  surfaces  depends  on  the 
failure  process*  In  most  samples  a  shear  plane  with  a 
step— like  appearance  with  fewer  steep  steps  in  the  direction 
of  initial  shear  was  observed*  This  non-symmet r ic  shear 
surface  is  the  reason  for  a  second,  but  reduced,  peak 
strength  (called  Maximum  in  Figure  2*1)  when  the  shear 
direction  is  reversed*  This  second  peak  is  reached  as  soon 
as  the  sample  passes  the  shear  box  mid  point*  If  the 
inclination  of  these  steps  is  too  high,  less  force  is  needed 
to  shear  them  off  than  to  dilate,  and  an  apparent  cohesion 
or  fundamental  shear  strength  is  observed*  This  additional 
resistance  disappears  during  later  reversals  if  these  steps 
are  sheared  off*  The  ultimate  strength  was  reached  after 
large  deformations  of  several  millimeters*  It  is  evident 
that  the  shear  strength  is  a  function  of  the  size  and  the 
number  of  rock  bridges  (or  steps)  as  well  as  the  normal 
stress  acting  on  the  shear  plane*  The  failure  envelope  is 
most  likely  non-linear  with  respect  to  normal  stress,  but 
there  is  not  sufficient  data  to  Justify  drawing  it  in  this 
manner*  A  bi— linear  relationship  seemed  appropriate* 


Lajtai(1969)  suggested  the  following  form  for  the  total 
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shear  strength  S$: 

St  =  S0+(l-X)6  tan  04  +  £  6  tan  0p 
where : 

So  =  fundamental  shear  strength 

£  =  degree  of  separation  (area  of  open  joirt  per  total 

area  ) 

0i  =  angle  of  internal  friction 
0p  =  angle  of  Joint  friction 

If  it  is  assumed  that  04  =  0p  =  0ylJf  the  above  equation 
reduces  to  Coulomb* s  failure  criteria  =  So  +  &  tan  0ylt • 

The  fundamental  shear  strength  would  have  to  be  a  function 
of  the  degree  of  separation*  The  term  "fundamental  shear 
strength"  is  therefore  used  in  this  thesis  to  describe  the 
resistance  mobilized  in  jointed  rock  in  excess  of  purely 
frictional  resistance*  It  is  a  function  of  rock  structure 
and  confining  pressure*  The  fact  that  both  components  may 
not  be  mobilized  simultaneously  should  be  considered  during 
application  of  these  strength  parameters*  The  validity  of 
the  assumption  04=0j?=0yl$  was  not  investigated  and  it  seems 
that  0p  is  less  than  04  because  of  the  fact  that  preexisting 
joint  surfaces  are  extremely  smooth*  In  the  framework  of 
this  rather  limited  investigation  such  a  simplification 
seems  reasonable,  and  it  follows,  for  a  normal  stress  range 
between  1  and  4  Mpa,  that  0yJ$  =  30°  and  So  (peak)  =  0*87  to 
1*90  MPa  for  degrees  of  separation  between  approximately  75% 
and  20%*  For  reversed  shear  and  the  same  stress  range  the 
fundamental  strength  So  (  called  Maximum  Strength  in  Figure 
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2*1)  increases  from  0*30  MPa  to  0*85  MPa  as  the  normal 
stress*  which  restricts  dilation  increases*  It  vanishes 
during  subsequent  reversals*  For  the  low  normal  stress  range 
between  0  and  1  MPa  the  failure  envelope  determined  by 
Noonan  (  1972)  should  be  applied*  A.  similar  approach  was  used 
later  to  analyse  the  results  from  the  triaxlal  compression 
tests  and  a  peak  fundamental  shear  strength  of  So  =  0*70  to 
2*05  MPa  for  confining  pressures  below  1  MPa  and  So  =  2*0  to 
3*3  MPa  for  confining  pressures  up  to  10  MPa  was  calculated* 
It  should  be  pointed  out  that  a  direct  comparison  is  not 
justified  because  of  differences  in  stress  fields  before  and 
during  failure* 


2*3*4  Triaxial  Compression  Tests 


Testing  Procedure 


A  series  of  triaxlal  compression  tests  at  low  confining 
pressure  have  been  conducted  in  a  universal  triaxial  cell 
for  samples  up  to  100  mm  in  diameter  (maximum  cell  pressure 
1*5  MPa)*  Triaxial  compression  tests  at  high  confining 
pressures  up  to  10  MPa  have  been  undertaken  in  a  Wykeham 
Farrance  high  pressure  triaxial  cell  for  rock  samples  up  to 
50  mm  in  diameter*  These  cells  are  conventional  testing 
equipment  and  described  in  the  manufacturers'  manuals*  The 
compression  test  machines  used  were  both  built  by  Wykeham 
Farrance  Engineering  Ltd;  WF  10*071  compression  test  machine 


with  100  kN  capacity  and  a  42  speed  gearbox  with  a  range 


from  4*1  ram  to  0*00008  ram  per  minute*  WF  10*081  compression 


Jta  •-*-  - 


31 


■test  machine  with  250  kN  capacity  and  a  variable  speed  range 
between  6*35  mm  and  0*0004  mm  per  minute*  The  vertical  ram 
displacement  and  the  load  were  measured  electronically  and 
recorded  on  a  digital  data  logger  with  a  recording  accuracy 
of  0*01  mV*  The  volume  change  in  the  cell  was  measured  by  a 
volume  change  indicator  with  an  accuracy  of  ±0*05  cm3  and 
corrected  for  ram  displacement*  Small  leaks  inhibited 
long-term  volume  change  measurements*  Gas  was  emitted  from 
the  coal  during  long-term  testing  which  would  have  made 
volume  change  measurements  at  the  back  pressure  inlet 
inaccurate.  It  was  not  possible  to  use  high  enough  back 
pressures  to  prevent  or  significantly  reduce  the  effect  of 
gas  generation  because  of  the  low  confining  pressure  limit* 

Samples  with  a  diameter  of  6*95  cm  and  3*55  cm  and  a 
length  of  approximately  20  cm  and  7*1  cm,  for  low  and  high 
pressure  tests,  respectively,  were  used*  A  length  to  width 
ratio  of  2  to  3  was  selected  in  order  to  have  as  many  joints 
as  possible  crossing  the  samples  without  Intersecting  the 
load  caps* 

The  samples  were  installed  in  the  trlaxial  cells  with 
porous  stones  at  both  ends  and  filter  cloth  around  the 
sample  to  allow  free  drainage*  Water  was  used  as  cell  fluid* 
For  the  low  pressure  tests  the  sample  was  sealed  with  a  thin 
(0*332  mm)  latex  membrane  with  double  O-ring  seals  at  the 
load  caps*  This  membrane  was  not  strong  enough  for  long-term 
testing  and  was  punctured  by  sharp  corners  of  the  coal 
sample  after  sustained  pressure*  For  long-term  testing  a 


- 
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latex  sleeve  of  3  cm  width  at  each  sample  end  and  a  second 
membrane  was  added*  To  reduce  the  possibility  of  puncture  of 
the  outer  membrane  a  thin  plastic  sheet  was  imbedded  in  Dow 
Corning  Vacuum  grease  between  the  two  membranes*  This 
plastic  sheet  was  folded  and  allowed  to  stretch  to  prevent 
additional  confinement  at  large  strains*  The  O— rings  were 
pressured  by  screw— c lamps  to  improve  the  seal  between 
membrane  and  load  cap*  In  this  way  if  was  possible  to  seal 
the  sample  for  long-term  tests  up  to  more  than  4  months* 
Only  one  membrane  broke  after  about  one  month  where  the 
membrane  was  installed  without  the  plastic  sheet*  The  high 
pressure  samples  were  sealed  with  a  specially  shaped  and 
manufactured  high  strength  neoprene  membrane  (  1*59  mm 
thick)*  This  membrane  was  used  for  short-term  tests  and 
small  leaks  at  pressures  of  10  MPa  were  difficult  to 


prevent • 


All  samples  were  consolidated  for  at  least  one  day 
under  the  confining  pressure  selected  for  the  test  before 
the  sample  was  axially  loaded  at  a  constant  rate  of  1*52  mm 
per  hour*  According  to  the  volume  change  recorded  during 
consolidation!  no  pore  pressures  should  build  up  at  this 
fixed  strain  rate,  and  the  tests  can  be  considered  to  be 
drained  triaxial  compression  tests*  Permeability  tests  by 


Pa tching(  1965  )  on 

coal 

from 

Canmore  and 

Star— Key  showed 

permeabilities  in 

the 

orde  r 

of  1 0~ s  to 

10“ 8  cm/ sec  at 

confining  pressures  between  70  and  700  kPa  and  less  than 
k=10— 7  to  10— 10  cm/sec  for  confining  pressures  near  7  MPa* 


* 
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Nevertheless  it  is  felt  that  -the  selected  strain  rate  is  low 
enough  to  cause  full  drainage  because  of  the  fact  that 
failure  was  anticipated  and  achieved  along  Joint  planes 
where  drainage  conditions  are  favourable  and  the  local 
permeability  is  significantly  higher  than  the  overall 
permeability  as  measured  by  Patching  (  1965  )• 


Sample  Orientation  and  Description 


1 1  was 

the  intention  of 

thi  s 

testing 

program  to 

investigate 

failure  processes 

i  n 

a  rock  mass* 

Shear  along 

planes  of 

weakness  is  known 

to 

dominate 

rock  mass 

de  f  orma  t i on 

and  failure  at  least 

a  t 

low 

confining 

pressures • 

It  is  therefore  of  prime  interest  to  orient  samples  with 
their  joints  as  planes  of  weakness  in  such  a  manner  that 
failure  occurs  along  these  planes*  For  an  angle  of  friction 
of  30°  a  joint  plane  inclined  at  30°  to  the  sample  axis  will 
theoretically  be  a  plane  of  maximum  obliquity*  This  sample 
orientation  was  selected  for  the  low  confining  pressure 
tests  and  the  corresponding  test  results  therefore 
constitute  a  lower  bound  strength  envelope*  Inclinations  of 
joint  planes  of  30° ,  45° *  and  60°  were  selected  for  the  high 
pressure  triaxial  test*  Since  all  samples  failed  more  or 
less  along  a  joint  plane  no  upper  bound  strength  was 
measured*  The  bedding  plane  was  always  parallel  to  the 
sample  axis* 

The  properties  of  sample  lAtlB  and  1C  are  listed  in 
Table  2*1  and  the  corresponding  data  for  the  samples  tested 


- 


34 


Table  2.1  Properties  of  Triaxlal  Test  Samples  TR-lA,TR-lB 


$$#5i':*S:fs$=i:**$3k$*********** 

and  TR-1C 

#$$$$$$£$# 

********** 

********** 

SAMPLE  NUMBER 

TR-1  A 

TR-1B 

TR-  1C 

♦  #$$$=!=£#£******$***:!£***** 

******* 

*** 

********** 

63  t  kP« 

800 

400 

1000 

Beckoressure 

— 

— — 

— 

63 '  t  kPa 

800 

400 

1000 

(  61—63  )  j  »  kPa 

7621 

3171 

5347 

(  61-63  ) e  =  2%  t  kPa 

4900 

1370 

340 0( ±  ) 

( 61-63 )e=3% , kPa 

4300 

1270 

■2£LQ. 

E  »  MPa 

1103.4 

86  9.6 

1100.9 

e<Z  1  * 

0.  14 

0.29 

0.17 

ef ,% 

0.  835 

0.715 

0.  9 3(  ±  ) 

e*f  ,  % 

0.05 

0. 06 

0.  27(  ±  ) 

e  t %/ hr 

0.75/3.75 

0.74/3. 

70 

0. 75/3. 75 

Gg 

1.51 

(1.51) 

1 . 53 

y « g / cm  3 

1.38 

— „ 

1 .40 

l^tg/cra3 

1.11 

— 

1.12 

w( samp le  ),< 

24.5 

23.5 

24.  3 

w(  ends  )  *  9£ 

24.2 

24.8 

24.  3 

sr,% 

90.1 

— — 

102.6? 

Void  ra  tio»1t 

42.9 

— 

36.  1 

3(  estimated  )  t * 

50 

85 

70 

B, ( 0  hncle  between  Joint 
and  sample  axis 

27 

30 

26 

************************* 

^e^=ajs=jtaj:^t^tsj=3}c3i£ 

******* 

**  * 

********** 

(  ±  )•  • .approximately 
xxx • • • extrapola  ted 
(  xxx  )••• assumed  value 
? •  •  • ques t ion ab le  data 

for  definition  of  strain  terms  see  Chapter  3. 


* 
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in  multiple  stage  repeated  relaxation  tests  are  summarized 
in  Table  2*2  •  The  condition  of  eight  samples  tested  under 
high  confining  pressure  are  described  by  Guenot(1979)  and 
their  properties  are  summarized  in  Table  2*3  • 

Sample  TR— 1A:  The  failure  plane  Inclined  at  27*5° 
intersected  the  sample  wall  36  mm  below  the  load  cap* 
Approximately  50%  of  the  shear  plane  was  clearly  a  joint 
plane,  the  rest  was  crushed  coal  with  a  small  portion 
sheared  along  a  vertical  bedding  plane  resulting  in  a  degree 
of  separation  of  less  than  50%*  There  was  some  indication  of 
vertical  tensile  fracture  parallel  to  the  bedding  plane , 
most  likely  caused  by  differential  shearing  after  one  half 
of  the  sample  sheared  along  a  joint  and  a  bedding  plane* 

Sample  TR— IB:  The  slightly  curved  joint  and  failure 
plane  was  inclined  at  32°  to  26°  intersecting  the  sample 
wall  10  mm  below  the  load  cap*  Another  slightly  open  joint 
intersected  the  sample  end  surface  but  was  not  sheared* 
Approximately  85%  of  the  shear  plane  was  a  joint  and  no 
shear  along  bedding  was  observed* 

Sample  TR— 1C:  The  failure  plane  inclined  at  26°  was 
step— like  across  the  sample  and  one  joint  intersected  the 
load  cap  whereas  the  other  joint  as  a  portion  of  the  failure 
plane  intersected  the  sides  of  the  sample  20  mm  below  the 
load  cap*  The  coal  on  one  corner  was  overstressed  and 
fractured  during  straining  and  this  resulted  in  a 
stress-strain  curve  displaying  ductile  behaviour*  The  degree 
of  separation  was  approximately  70%* 
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Table  2.2  Properties  of  Triaxial  Test  Samples  CTR-2A/2F 


£  *  $  £  *  *  $ 

******* 

******* 

******* 

******* 

SAMPLE  NUMBFP 

CTR-2A 

CTF-2E 

CTR-2C 

CTF-2D 

CTK-2F 

***************** 

*****  ** 

**  ***** 

*  £  £  $  #  £  * 

****  *** 

******* 

6  3 , kPa 

400 

588 

600 

9  00 

800 

Backpressure 

— 

— 

—  — 

1  00 

— 

6  3 '  » kPa 

400 

588 

600 

800 

800 

(  6 i -63  )  1  »  kPa 

4  1  5  0  R 
(  45  00  ) 

49501 

594  OR 
(  6200  ) 

7  81  OP 
(  8700  ) 

S080R 
(  8300  ) 

(  61-63  )e  =  2^,kPa 

2250 

25 00(  ±  ) 

6800 

4150 

( 61—63 )e=3%,kPa 

213  0 

2400 

— 

4 FM 

4200 

F  ,  M  p  a 

892.9 

1315.8 

1067.6 

947.4 

1185.2 

e  2  ,  ^ 

0.14 

0.03 

0.07 

0.15 

0.  1  8 

e  |  % 

0.  7 6 R 

0.52 

0. 74R 

1  .24  R  — 

1  . 6 7  P 

1 . 01F 

<=>*f  r* 

0. 1  6R 

0. 13 

0.  1  OR 

0.26F- 
0 . 6  9  R 

0.  16F 

e  ,%/hr 

0.85 

0.74 

0.76 

0.77 

0.71 

G§ 

(1.51) 

1 . 50 

(1.51) 

(1.51) 

(1.51) 

7,g/cic3 

1.38 

— 

1 . 37 

1  .3  6 

1.32 

T  ^ 1 g/cm  3 

1.16 

— 

1.09 

1  .07 

1.07 

w(  sa  rap  l  e  )  t  % 

18.3 

—  - 

24.0 

27.  5 

20.0 

»(  end?  )  ,?■ 

16.8 

24 . 1 

23.7 

— 

20.3 

sr ,% 

95.  1 

— 

95 . 3 

100.0 

72.6 

Vcid  ra  t i  0  »  % 

29. 1 

- — 

38. 1 

41.3 

41.5 

£  (  e  s  t  i  m  a  t  e  d  )  ,  %  70(±) 

jS  t(  0  Janele  between 

Joint  end  sample 

75 

85 

50 

85 

axis 

30 

30 

29 

31 

30 

***************** 

******* 

******* 

******* 

*  ***  *  ** 

******* 

(  ±  ) . « • approximately 

xxx • • • extrapolated 

(  xxx  )••• assumed  value 

?••• questionable  data 

xx^s  •  •  •  interpolated 

Ri . .during  relaxation  test 

for  definition  of  strain  terms  see  Chapter  3* 
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Table  2.3  Proper-ties  of  Samples  from  High  Pressure  Triaxial 

Test 


Test  ID 

A 

B 

C 

D 

E 

F 

G 

I 

03 

(kP^ 

9308 

9308 

3792 

7240 

10687 

7240 

3792 

3792 

Back  Pr. 
OcPa) 

345 

345 

345 

345 

345 

345 

345 

345 

(kPq) 

8964 

8964 

3447 

6895 

10342 

6895 

3447 

3447 

(a  3-0 1 ) f 

28108 

25564 

16651 

24409 

28490 

22362 

16179 

19761 

(kPa) 

(a  3-0 1 ) 

23700 

24400 

14940 

19792 

21800 

16490 

7590 

14600 

(e=4%) 

(e=3%: 

E 

(MPq) 

. 

1221 

1342 

1096 

1153 

1249 

1518 

1164 

1403 

£c  (%> 

0.75 

0.904 

0.42 

0.80 

0.73 

0.10 

0 

0.624 

ct  $ 

3.302 

3.273 

2.359 

3.75 

3.401 

1.693 

1.629 

2.280 

* 

Cf  (%) 

0.25 

0.464 

0.420 

0.85 

0.39 

0.16 

0.24 

0.25 

(%/hi) 

0.28 

0.75 

0.28 

1.92 

0.75 

0.75 

0.28 

0.28 

G 

as  sum 

1.60 

1.60 

1.60 

1.60 

1.60 

1.60 

1.60 

1.60 

(g/c^ 

1.43 

1.40 

1.34 

— 

1.38 

1.35 

1.40 

1  40 

Yd  (g/ci^ 

1.15 

1.13 

1.08 

— 

1.07 

1.08 

1.09 

1.10 

w 

(%) 

23.86 

23.55 

24.72 

— 

28.06 

25.30 

27.9 

27.42 

S 

r 

0.9824 

0.9104 

0.8096 

— 

0.916 

0.831 

0.961 

0.968 

e 

0.388 

0.414 

0.488 

— 

0.491 

0.487 

0.464 

0.453 

X  ft) 

50 

70 

40 

80 

50 

60 

— 

40 

(estim. ) 

^joint 

20  ° 

30  0 

45  0 

45° 

25° 

60  0 

30  0 

60° 

^fail. 

40° 

58° 

45° 

40° 

30° 

28° 

60° 

26  0 

(The  i 

ngles  B 

are  take 

n  with  1 

espect  t 

0  the  s 

imple  axi 

s) 
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2» 3« 4 . 3  Triaxial  Compression  Test  Results 

The  strength  data  are  summarized  in  two  Mohr  diagrams 
(Figures  2.2  and  2.3)  •  Figure  2.2  includes  strength  data 
from  tests  TR— 1A*  IB  and  1C,  and  from  all  repeated 
relaxation  tests  reported  in  Chapter  3*  Figure  2*4 
summarizes  the  corresponding  stress— strain  curves  and  volume 
change— st rai n  plots  if  the  latter  was  recorded.  The 
individual  curves  are  shown  later  together  with  a  detailed 
description.  A  picture  of  sample  TR— IB  is  shown  in  Plate 
2.2.  Figure  2.3  summarizes  data  of  the  high  pressure  tests. 

Figure  2.2  shows  the  stress  circles  at  failure.  The 
stress  state  on  the  failure  plane  is  indicated  at  the 
failure  strain  as  well  as  at  2%  and  3%  total  axial  strain. 
The  peak  failure  envelope  from  Figure  2.1  (the  direct  shear 
test  data)  are  shown  by  dashed  line  for  comparison.  This 
comparison  is  possible  since  all  triaxial  test  samples 
failed  along  a  predetermined  plane  of  weakness.  The  failure 
stresses  measured  in  the  direct  shear  test  can  be  compared 
with  the  stresses  acting  on  the  failure  plane  of  the 
triaxial  test  samples.  Applying  the  same  principle  as  used 
during  the  discussion  of  the  direct  shear  test  results*  the 
fundamental  shear  strength  for  confining  pressures  up  to  1 
MPa  and  a  degree  of  separation  between  approximately  50%  and 
85%  ranged  from  2.05  MPa  to  0.7  MPa  at  peak  strength*  1.5 
MPa  to  0.16  MPa  at  2%  total  strain  and  0.84  MPa  to  0.14  MPa 
at  3%  total  strain.  The  fundamental  shear  strength 
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Figure  2«2  Mohr  Elapran  for  Trlaxial  Compression  Test  Data 

( 63<1  Mpa  ) 
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Figure  2.3  Mohr  Diagram  for  Triaxial  Compression  Test 

(63  =  3*5  to  10*0  Mpa  ) 
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Figure  2*4  Summary  Plot  of  Stress-Strain  and  Volume  Change 
Data  from  Triaxial  Compression  Tests 
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Plate  2.2  Saople  No.TR-lB  after  Testing 
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determined  from  triaxlal  tests  includes  a  strength  component 
due  to  dilation*  A  curved  failure  envelope  seems  more 
logical  but  there  is  not  enough  data  to  support  either 
assumption* 

Figure  2*4  indicates  that  the  coal  is  a  brittle 
material  and  linearly  elastic  (after  an  initial  non-linear 
stress-strain  curve  due  to  closure  of  cracks)  up  to  stress 
levels  close  to  the  rock  strength*  During  the  failure 
process  the  coal  dilates*  It  is  not  reasonable  to  draw  other 
general  conclusions  because  of  variability  among  specimens 
and  their  failure  modes*  Each  curve  has  to  be  considered 
separately*  Both  samples  TR— 1A  and  IB  indicate  (Figure  2*5» 
Figure  2*6)  a  continuous  linear  volume  decrease  up  to  the 
point  where  the  stress-strain  curve  deviates  from  linearity* 
Subsequently  the  sample  dilates  with  a  maximum  dilation  rate 
at  or  after  peak  strength  followed  by  a  continuously 
decreasing  dilation  rate  towards  the  ultimate  strength* 
Sample  TR— 1A  shows  the  most  dilation  with  1*2%  volume 
increase*  This  volume  increase  is  composed  of  two  parts,  the 
dilation  of  the  shear  plane  and  the  opening  of  vertical 
bedding  planes  (at  low  confining  pressures)*  Volume  increase 
due  to  crack  opening  within  the  "intact"  coal  can  be  assumed 
to  be  small*  Loading  parallel  to  the  bedding  planes  causes 
tensile  stresses  at  the  ends  of  vertical  cracks*  As  a 
consequence  bedding  plane  separation  occurs  except  if 
failure  occurs  first  along  an  inclined  plane  of  weakness* 
This  bedding  plane  separation  was  observed  In  some  samples* 
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Figure  2#F  Stress-Strain  and  Volume  Change  Data  of  Test  No# 

IF-  1 A 
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Figure  2.6  Stress-Strain 


and  Volume 
TP-  IB 


Change  Data  of  Test  No 
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The  almost  constant  loading,  unloading,  and  reloading  moduli 
Indicate  that  slip  occurred  during  failure*  This  cannot  be 
considered  to  be  a  typical  behaviour  of  a  rock  mass* 
Immediately  after  the  peak  strength,  non— slip  behaviour  is 
believed  to  dominate  in  rock  masses,  as  indicated  by  Mueller 
and  Goetz(1973)  and  analytically  modeled  by  Teeni  and 
Staples(  1969  )  • 

Sudden  drops  in  the  after  peak  range  indicate  that  the 
stiffness  of  the  machine  was  lower  than  the  stiffness  of  the 
tested  coal  at  this  point*  In  most  cases  it  was  possible  to 
continuously  follow  the  after  peak  stress— strain  curve*  It 
is  believed  that  in  particular  the  high  capacity  machine  was 
stiff  compared  to  the  after  peak  stiffness  of  the  coal*  The 
machine  stiffnesses  determined  from  strain  measurements 
during  relaxation  tests  were  approximately  80  MN/m  for  the 


250  kN  compression  test  machine  and  40  MN/m  for  the  100  kN 


machine* 

Sample  TR— 1C  (Figure  2*7)  failed  initially  as  described 
earlier  along  a  Joint  Intersecting  the  load  cap*  Rotation  of 
the  load  cap,  stress  transfer  to  the  unfailed  portion  with 
increasing  strain,  and  crushing  of  this  overstressed  area 
until  failure  occurred  along  a  newly  created  shear  plane  is 
the  reason  for  the  rather  ductile  behaviour  indicated  in  the 
stress— strain  curve*  These  data  are  of  rather  limited  value 
and  are  included  only  for  completeness* 

For  confining  pressures  between  3*5  MPa  and  10  MPa  the 
fundamental  shear  strength  ranges  from  So  =2*0  MPa  to  3*0 


‘ 


Figure  2*7  Stress-Strain  and  Voluire  Change  Data  of  Test 

No .TR-1C 
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MPa  (Figure  2.3)*  At  total  strains  in  excess  of  5%  this 
fundamental  shear  strength  So  was  reduced  significantly  to 
values  between  0*0  and  1.5MPa«  The  fundamental  shear 
strength  increases  with  confining  pressure  as  the  strength 
of  the  jointed  rock  approaches  the  strength  of  the  intact 
rock.  Shear  resistance  along  discontinuous  joints  becomes 
increasingly  dominated  by  the  rock  bridges  • 


CHAPTER  3 


MULTIPLE- ST AGE  REPEATED  RELAXATION  TESTS  (  MSRRT ) 

In  Chapter  1  it  is  illustrated  that  it  is  of  interest 
to  investigate  the  time— dependent  deformation 

characteristics  of  rock  in  the  unstable  zone  of  its 
stress— strain  curve*  It  is  assumed  that  a  change  in  stress 
within  the  stable  zone  will  generate  terminating, 

ti me— dependent  deformation,  and  an  applied,  constant 

displacement  will  cause  a  terminating,  t ime— de penden t  stress 
change.  A  change  of  stress  to  a  stress  level  Inside  the 
unstable  zone  will  eventually  lead  to  failure  and  a  stress 
change  within  this  zone  will  result  in  a  change  of  time  to 
failure*  Application  of  a  fixed  displacement  in  the  unstable 
zone  will  either  directly  cause  failure  or  a  new  stress 
equilibrium  will  be  established  with  time  due  to  relaxation* 
The  writer  assumes  that  all  brittle  rocks  have 

ti me— dependent  properties  and  possess  a  stable  zone  in  their 
stress— strain  curve*  Changes  in  properties  and  deformations 
with  time  might  be  sufficiently  small  to  be  neglected  within 
a  time  scale  relative  to  the  life  time  of  engineering 
structures,  but  cannot  be  disregarded  when  dealing  with 
problems  within  a  geological  time  scale*  The  same  arguments 
apply  to  the  second  more  controversial  statement  on  the 

existence  of  a  stable  zone*  Hoefer(  1958)  believes  that  every 

\ 

rock  body  will  fail  if  the  stationary  creep  zone  is  reached; 
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it  is  then  only  a  function  of  the  applied  stress  when  the 
tertiary  creep  stage  or  failure  is  initiated.  It  follows 
that  there  is  no  failure  as  long  as  there  is  a  continuous 
decrease  in  strain  rate  ;  i.e.,  a  stable  zone  would  exist. 
Denkhaus(  1958  )  and  Ta lobre( 1 957  )  agree  and  state  that  creep 
does  not  always  lead  to  failure  under  moderate  forces  where 
deformations  stabilize.  Salustowiczt  1958  )  disagrees  and  is 
of  the  opinion  that  creep  always  leads  to  failure  under  any 
sustained  load.  This  implies  that  there  is  no  stable  zone 
except  if  a  creep  limit  exists  below  which  the  material 
behaviour  is  t i me— i ndependen t •  Nadai(1952)  states  that 
materials  in  the  earth’s  crust  behave  viscously  or  deform 
plastically  even  under  stresses  as  low  as  500  kPa,  if 
applied  over  geological  times  of  tens  of  thousands  of  years. 
Rheological  models  for  rock  masses  often  include  a  viscous 
element  in  series  with  others;  e.g.  Burgers  model  or  the 
modified  Burger  model  with  a  number  of  Kelvin  elements  in 
series  (Hardy  and  Chugh(1959)  )•  This  would  indicate  that 
these  rocks  do  not  have  a  stable  zone.  Nevertheless  the 
simple  fact  that  rock  slopes  and  cliffs  exist  and  do  not 
deform  significantly  over  large  periods  of  time  justifies 
the  assumption  of  a  stable  zone  for  brittle  rocks. 

The  stable  zone,  the  unstable  zone  and  the  interface 
between  them  is  to  some  degree  history— dependent •  The 
strength  and  the  response  of  the  rock  at  a  given  stress  and 
strain  level  depend  on  its  current  structure.  This  structure 
is  primarily  a  function  of  (a)  the  past  rate  of  deformation 


' 
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and  (b)  the  confinement  history  during  this  deformation*  The 
confinement  is  controlled  by  the  stiffness  of  the  loading 
system,  the  surrounding  rock*  The  existing  stress  field  is 
altered  (e*g*  during  the  construction  of  a  tunnel)  as  a 
function  of  time  (e*g*  advance  rate,  time  of  lining 
installation)  resulting  in  different  stress  histories* 
Because  of  non— linear,  time-dependent  rock  properties  and 
their  variability  on  a  micro—  and  macroscopic  scale,  the 
magnitude  of  stress  concentrations,  the  local  strain 
pattern,  and  the  location  of  overstressing  (failure 
initiation  and  propagation  of  failure  zones)  are  affected  by 
the  loading  rate*  Different  rock  structures  are  created  even 
if  the  total  accumulated  deformation  is  the  same*  The  two 
factors  of  confinement  and  system  stiffness  are  interrelated 
in  most  field  situations  but  detached  in  trlexial 
compression  tests  with  constant  confining  pressure*  If 
confined  rock  deforms  under  an  instant  change  in  stress,  the 
stress  field  will  be  altered  with  time  since  reactions  vary 
as  a  result  of  time— dependent  deformations  (viz*  Ko  is  not 
the  same  in  elastic  and  vi sco— elas tic  materials)*  Moreover, 
these  deformations  are  a  function  of  the  ability  of  the 
loading  system  to  store  energy*  The  resulting  rock  structure 
is  therefore  a  function  of  the  system  reaction  which  in  turn 
is  a  function  of  the  system  stiffness*  The  phenomenon  of 
rock  bursts  is  an  excellent  example  illustrating  the 
relevance  of  the  system  stiffness*  The  same  rock  responds 
differently  depending  only  on  the  surrounding  rock  mass  and 
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the  stored  energy  (Walsh  st±  a.i.j.(  1977  )  ;Walsh(  1977)  )• 

Effects  of  system  stiffness  and  behaviour  at  high 
confinement  pressures  have  not  been  investigated  during  this 
research  project*  The  failure  plane  was  always  forced 
through  a  plane  of  weakness  inclined  at  30°  to  the  sample 
axis*  The  results  presented  should  therefore  be  applied  only 
to  a  corresponding  failure  mode*  Nevertheless,  it  is 
believed  that  the  observed  behaviour  can  be  generalized  as 
long  as  the  mechanisms  and  physical  processes  remain  the 
same* 


As  a  consequence  of  structure  and  system  dependence 
there  is  no  such  thing  as  an  absolute  long-term  or 
short-term  strength*  Only  for  a  given  state  of  deformation 
can  we  identify  both  a  strength  for  instant  loading  and 
loading  at  an  infinitesimal  rate*  The  term  "current"  was 
introduced  to  specify  this  fact*  The  current  short-term 
strength  or  current  available  strength  (CAS)  refers  to  the 
strength  which  could  be  reached,  independently  of  time  and 
deformation  history  up  to  this  point,  if  the  specimen  were 
loaded  instantaneously*  Accordingly,  the  current  long-term 
strength  ( CLS  )  refers  to  the  strength  which  could  be  reached 
at  an  infinitesimal  leading  rate*  It  vanishes  for  a  viscous 
fluid  and  has  a  finite  value  for  a  viscous  solid*  The 
current  available  strength  can  be  determined  by  instant 


loading  from  a  given  point  or  by  interpolation  between  two 


points  where  the  current  available  strength  was  determined 
for  different  times  and  strains*  The  current  long-term 
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strength  can  also  be  determined  in  a  similar  manner#  The 
current  strength  is  therefore  a  function  of  the  present 
structure  of  the  material# 

The  significance  of  this  postulate  is  best  illustrated 
by  Figure  3#1  (BieniawskiC 1970)  )•  This  Figure  shows  two 
stress-strain  curves  from  uniaxial  compression  tests  on  a 
fine-grained  sandstone  at  a  constant  strain  rate  between  A 
and  C,  followed  by  an  increased  or  decreased  strain  rate 
after  C#  After  point  B,  corresponding  to  the  stress  level  of 
the  peak  long-term  strength,  any  fixed  strain  rate  test 
follows  a  stre ss— st rain  pattern  somewhere  between  the 
current  available  strength  and  the  current  long-term 
strength#  A  hypothetical  ‘  range  between  current  available 
strength  and  current  long-term  strength  is  indicated#  The 
stress— strain  curve  for  an  instantaneous  increase  in  strain 
rate  at  point  C  approaches  the  current  available  strength 
curve  whereas  it  approaches  the  current  long-term  strength 
curve  for  a  decrease  in  strain  rate#  New  hypothetical  ranges 
between  current  available  strength  and  current  long-term 
strength  are  indicated  after  a  deformation  of  0#15mm  for  the 
new  strain  rates#  If  we  consider  this  rock  strained  with  the 
four  rate  histories  to  a  point  D  (same  accumulated  strain) 
we  can  see  that  the  four  ranges  do  not  correspond#  A 
stronger  structure  with  a  higher  current  available  strength 
and  current  long-term  strength  is  created  at  a  lower  strain 
rate  (curve  1)  and  more  damage  resulting  in  a  weaker 
structure  with  a  current  available  strength  even  below  the 
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Figure  3.1  Uniaxial  Compression  Test  on  a  Sandstone;  Data 

from  B ien i a wsk i(  1 970  ) 


Deformation  (mm) 
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current  long-term  strength  of  curve  1  is  created  at  high 
strain  rates  (curve  2)*  This  concept  is  applicable  to  intact 
rock  and  rock  masses  in  general  since  the  behaviour  of  a 
rock  mass  can  be  considered  to  correspond  to  the  behaviour 
of  an  intact  rock  reloaded  after  it  was  strained  beyond  peak 
strength  (see  Figure  3*2)  (Mueller  and  Goetz(1973)  )• 

Considerable  research  has  been  devoted  to  the 
investigation  of  t ime— dependent  rock  properties*  Most 
testing  has  been  done  with  creep  tests*  Creep  tests, 
however,  cannot  be  used  to  study  the  post— peak  behaviour  of 
brittle  rock  and  are  inappropriate  for  this  study  since  they 
correspond  to  an  infinitely  soft  loading  system*  Results 
from  creep  tests  on  brittle  material  should  only  be  applied 
to  appropriate  problems  where  initiation  of  failure  leads  to 
the  collapse  of  the  structure  (e*g*  infinite  slope)*  The 
literature  on  creep  tests  and  their  interpretation  is 
enormous  and  is  reviewed  by  da  Fontoura(  1980  )  • 

The  t i me— de pende nt  post— failure  process  has  not  been 
studied  in  detail,  and  as  a  result,  our  understanding  of  the 
t i me— dependent  behaviour  of  yielding  rock,  particularly  of 
brittle  rock  in  confined  conditions  (e*g*  around  cavities) 
is  poor*  The  majority  of  researchers  have  concentrated  on 
the  determination  of  the  peak  long-term  strength  and  only 
relatively  few  attempts  were  undertaken,  by  variable  strain 
rate  tests  and  relaxation  tests,  to  investigate  the 
post— peak  behaviour*  Singh  and  Bamf ord(  1971  )  reviewed  and 
compared  short-term  test  procedures  to  predict  the  long-term 
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Figure  3.2  Interpretation  of  Uniaxial 
Sandstone  (  Data  from  B J en iawski »  1 97  0  ) 

(  1973  ) 


Compression  Test  on 

by  Mueller  and  Goetz 
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peak  strength  of  rocks  by  various  indirect  methods.  They 
observed  a  considerable  scatter  between  the  various 
predictions  (±4%  with  an  average  long-term  peak  strength  of 
90%  short-term  peak  strength)  and  they  found  best  agreement 
with  the  loading  rate  method  suggested  in  their  paper.  They 
also  pointed  out  correctly  that  these  short-term  methods  of 
predicting  the  long-term  peak  strengths  are  based  on 
Bieniawski's  hypothesis  of  crack  initiation  and  crack 
propagation  for  intact,  brittle  rock.  A  direct  application 
of  these  methods  to  rocks  failing  along  a  plane  of  weakness 
could  be  erroneous.  No  effort  to  predict  the  long-term  peak 
strength  will  be  made  because  of  this  reason  and  the  fact 
that  the  natural  variance  between  samples  was  too  large  and 
the  number  of  tests  too  small.  A  similar  test  procedure  as 
described  in  the  following  section  was  used  by  Pushkarev  and 
Af anasev(  1973  )  to  determine  the  long-term  peak  strength  of 
ductile  rocks.  Using  the  same  test  procedure  in  direct  shear 
tests  of  rock  contacts,  Afanasev  end  AbramovC  1 975  )  found  for 
a  particular  coal  a  friction  angle  for  long-term  shear  of 
83%  of  the  short-term  friction  angle.  As  a  result  of  further 
testing  Afanasev  and  Pushkarev(  1976  )  suggest  a  simplified 
method  of  determining  the  long-term  peak  strength  of  rock. 

With  the  development  of  stifft  servo— cont rolled  testing 
machines,  a  tool  to  obtain  meaningful  data  in  the  post-peak 
range  became  available.  Testing  with  various  rates  of 
loading  was  undertaken  by  Bieniawski  (1970),  Wawersik  and 
Fairhurst(  1 970 )  ,  Wawers ik( 1 973 )  ,  Rutter(  1972  )  ,  and 
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Peng(  1973  )  to  mention  only  a  few  relevant  contributions* 
Each  of  these  tests  shows  that  the  post— peak  behaviour  is 
stress  hi  story— dependent  and  that  different  categories  can 
be  identified  (  Wawer si k(  1 970 ) ) •  Wawersik  and  Fai rhur st(  1970  ) 
illustrated  how  the  fractured  rock  structure  develops  during 
shear  before  and  after  the  peak  strength  is  reached*  Each 
test  at  a  given  loading  rate  followed  a  st re ss— st r al n  path 
somewhere  between  its  current  available  strength  and  current 
long-term  strength  path*  Both  the  current  available  strength 
and  current  long-term  strength  as  well  as  the  test  curve 
itself  are  a  response  to  the  continuously  changing 
rate— dependent  structure*  These  tests  therefore  give 
information  about  the  development  and  strength  of  fractured 
rock  structures  as  a  function  of  loading  history*  but  do  not 
yield  any  information  on  the  time— dependent  properties  or 
the  response  of  a  given  structure  at  a  given  strain  or 
stress  level*  They  support  the  earlier  statement  that  the 
rock  structure  at  a  given  deformation  is  history-dependent* 

The  only  way  to  investigate  the  time-dependent 
properties  of  brittle  rock  in  the  post— peak  range  is  to 
unload  samples  and  to  conduct  creep  tests  from  stress  levels 
within  the  stable  or  unstable  zonet  or  to  allow  the  sample 
to  relax  at  various  stages  along  a  certain  stress— strai n 
path*  The  first  procedure  has  been  executed  by  Lama(  1974  ) 
and  will  be  approximated  by  the  multiple-stage  repeated 
relaxation  tests  discussed  in  the  following  paragraphs* 


The 


t i me— dependent 


behaviour  of  failed  rock  was 
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investigated  by  mult iple— stage  relaxation  tests  end  constant 
load  tests  in  a  stiff  testing  machine  by  Peng  and 
Podni eks(  1972  )  ,  Hudson  and  Brown(  1973  )  ,  and  Blenlawski 
(1970)*  Bieniawski  (1970)  determined  the  lower  bound  of  the 
unstable  zone,  the  current  long-term  strength  which  he 
called  the  long-term  stability  curve,  and  speculated  that 
this  limit  might  be  parallel  to  the  constant  strain  rate 
curve*  He  showed  clearly  that  this  lower  bound  depends  on 
the  strain  rate#  His  test  results  indicate  that  the  ultimate 
strength  is  rat e— dependent  and  support  the  assumption  that 
the  ultimate  strength  of  rock  is  not  a  material  constant#  No 
conclusions  about  the  ti me— de pendent  behaviour  within  the 
unstable  zone  were  drawn# 

Hudson  and  Brown  (1973)  showed  that  slow  strain  rate 
tests  followed  a  path  close  to  a  current  long-term  strength 
as  would  be  expected.  No  general  conclusions  were  drawn# 
Peng  and  Podnieks  (1972)  investigated  the  relaxation 
behaviour  near  peak  strength,  the  strain  rate  effects  before 
and  after  peak  strength,  and  developed  another  theory  of 
t i me— dependent  peak  strength#  They  indicate  that  the  stress 
relaxation  could  be  related  to  the  crack  propagation 
velocity  and  conclude  that  this  stress  relaxation  is  the 
reason  for  the  stepwise  drop  in  load  at  slow  strain  rates# 
Their  data  shows  that  the  inelastic  strain  e*  =  e  —  eg  —  eo 
(for  definitions  see  section  3*3)  at  failure  is  a  function 
of  strain  rate  and  increases  for  the  brittle  tuff  with 
increasing  rate  of  strain#  This  contradicts  the  speculation 


‘ 
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by  some  authors  that  the  inelastic  strain  at  failure  is 
constant  but  it  does  not  necessarily  contradict  the 
assumption  of  a  critical  inelastic  volumetric  strain  a.t  the 
onset  of  failure  ( Kranz  and  Scholz(1977)  )•  Pushkarev  and 
Afanasev  (1973)  used  multi pie— st age  relaxation  tests  to 
develop  a  rheological  model  for  a  weak  ductile  rock  but  did 
not  investigate  the  post— peak  range  in  detail  and  no  attempt 
was  made  to  model  this  portion  of  the  strength  curve*  Their 
model  includes  the  existence  of  plastic  deformations  below 
the  creep  limit ,  the  transition  of  visco-plastic  to  plastic 
deformations,  and  correspondence  between  the  long-term 
strength  and  the  stress  level  where  irreversible 
vi sco— el ast i c  deformation  begins* 

The  aim  of  this  section  is  to  investigate  the 
t i me— dependent  transition  from  one  rock  structure,  a 
di scont inuously  jointed  rock,  to  another  rock  structure,  a 
sheared  continuous  plane  of  weakness*  The  relaxation 
behaviour  of  a  rock  is  an  excellent  indicator  of  the  present 
state  of  the  rock  but  assumptions  about  the  strain- 
dependence  of  the  material  (e*g*  strain—  or  time-  hardening) 
have  to  be  made,  or  a  series  of  repeated  relaxation  tests  at 


increasing  strain 


are 


needed  to  evaluate  this 


strain— dependence •  The  variability  from  sample  to  sample 
makes  comparison  difficult  without  e  large  number  of  tests 
and  this  provides  an  incentive  to  obtain  as  much  information 


as  possible  from  a  single  specimen,  particularly  where 


long-term  testing  does  not  allow  large  numbers  of  tests  to 


* 
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be  conducted*  Therefore  nultlple-Etage  testing  has  some 
advantages*  The  multiple-stage  repeated  relaxation  test 
meets  these  requirements*  The  first  part  of  this 
investigation  has  been  published  by  Kaiser  and 
Morgensternt  1979  )  • 

The  literature  provides  information  on  time-dependent 
properties  of  coal  in  the  pre-failure  range  (i*e*  Evans  and 
Pome roy(  1 966  )  T  Pomeroy(  1 956  )  T  KidybinskK  1 966  )  , 
Morller( 1964)  *  Terry( 1956)  t  and  Ko  and  Gerstle( 1977)  )  but 
no  data  are  available  for  coal  yielding  at  strains  exceeding 
the  failure  strain*  Most  studies  conducted  in  the 
pre— failure  stage  conclude  that  the  rheological  behaviour  of 
coal  can  be  simplified  and  modeled  as  a  four-parameter  fluid 
(Burgers  model)*  Therefore  coal  would  not  have  a  stable  zone 
or  a  current  long-term  strength  and  clearly  would  not  give 
an  adequate  description  of  the  failure  processy  particularly 
for  a  Jointed  mass*  For  a  time  scale  relevant  to  engineering 
projects  it  is  reasonable  to  neglect  the  viscous  element  in 
the  Burgers  model*  Coal  is  therefore  a  good  model  of  a 
typical  rock  mass* 

■3jl2  Test  PrQfigdtana  and  Eacjarg  A££&£.line.  Results 

3*2*1  Test  Procedure 

The  test  equipment  used  is  described  in  Chapter  2*  Here 
the  test  procedure  during  the  multiple-stage  repeated 
relaxation  test  is  explained*  The  relaxation  behaviour  of 
the  equipment  and  its  effect  on  the  data  interpretation  are 
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summarized.  The  problem  of  gas  release  from  the  coal  and 
possible  effects  on  the  material  behaviour  are  discussed. 

All  multiple-stage  repeated  relaxation  tests  were 
conducted  under  triaxial  stress  conditions  with  confining 
pressures  below  1  MPa.  The  samples  were  fully  consolidated 
under  a  constant  confining  pressure  before  loading  at  a 
constant  rate  of  1.52  mm  per  hour  to  a  stress  level  above 
the  crack  closure  range  in  the  linear  portion  of  the 
stress-strain  curve.  When  a  predetermined  stress  level,  Do, 
normally  in  the  vicinity  of  30%  of  the  estimated  peak 
strength,  was  reached,  the  machine  was  stopped  and  the 
stress  drop  Sd  together  with  the  straining  of  the  sample  was 
recorded.  After  a  certain  relaxation  period  St  the  sample 
was  reloaded  to  the  original  stress  level  Do  and  the 
relaxation  test  was  repeated  but  from  an  increased  total 
strain.  The  time  Interval  St  was  originally  selected  to 
maintain  an  average,  constant  stress  level  throughout  the 
duration  of  a  stage.  This  required  frequent  reloading  at  the 
outset  in  order  to  maintain  a  limited  stress  drop  until  the 
specimen  became  stiffer  with  increasing  strain  and  less 
frequent  reloading  was  necessary.  An  example  of  this 
procedure  is  given  in  Figure  3.3  for  sample  CTR— 2A.  It  was 
recognized  that  this  really  approximated  a  creep  test  in  the 
limit  and  had  no  special  merit.  This  procedure  was 
subsequently  abandoned  in  favour  of  essentially  constant 

time  intervals  St  between  repeated  relaxations  of 

\ 

approximately  on©  day.  Such  a  repeated  relaxation  test  at  a 


- 


Test  No.  CTR-2A 
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Figure  3*3  Nonalized  tevlatoric  Stress  and  Total  Vertical 
Strain  versus  Titre  of  Test  No*  CTR— 2A,  Stage  6 


Time  t*  (Hrs) 
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fixed  stage  is  illustrated  in  Figure  3*4*  After  a  number  of 
reloadings,  normally  five  over  a  period  of  five  days,  the 
load  was  increased  at  constant  rate  to  the  next  stage  at  a 
higher  stress  level  and  a  new  set  of  repeated  relaxation 
tests  were  performed*  If  a  constant  relaxation  rate  was 
measured  the  load  was  increased  by  a  small  increment  or  left 
constant  until  failure  occurred*  Failure  was  indicated  by  a 
disproportionate  stress  drop  during  relaxation  and  an 
increase  in  vertical  strain  during  reloading,  or  if  was 
simply  not  possible  to  reach  the  original  stress  level  Do*  A 
similar  test  procedure  was  used  by  Pushkerev  and  Afansev 
( 1973)*  After  failure  the  sample  was  strained  at  a  constant 
rate  following  the  descending  portion  of  the  stress— strai n 
curve*  Unloading  from  stress  levels  beyond  peak  or  near 
ultimate  strength  and  reloading  to  stress  levels  below  the 
current  strength  allowed  the  same  relaxation  test  procedure 
to  be  repeated*  Similarly,  repeated,  relaxation  tests  could 
be  conducted  under  stepwise  decreasing  confining  pressure* 
This  will  be  discussed  during  the  interpretation  of  the  test 
results*  According  to  this  procedure  the  test  was  called 
multiple-stage  repeated  relaxation  test  with  the  words 
"multiple"  Indicating  step  loading,  "stage"  referring  to  one 
specific  stress  level  and  "repeated  relaxation"  indicating 
that  a  number  of  relaxations  were  started  from  the  same 


stress  level  within  one  stage  of  the  test* 


Normalized  Deviatoric  \/or*j„Qi 
Stress  D/D0  strain  (%) 
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F i gure 


3.4  Nomallzed  Deviatoric  Stress  and  Total  Vertical 
Strain  versus  Time  of  Test  No.  CTR— 2Dt  Stage  1 
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3 * 2. 2  Testing  Environment 

To  reduce  the  effects  of  daily  and  seasonal  air 
temperature  fluctuations  of  up  to  about  ±3°C,  an  insulated 
box  with  a  flowing  water  cooling  spiral  was  built  around  the 
loading  frame*  This  reduced  the  daily  temperature 
fluctuation  to  approximately  ±0*5°C  and  damped  the  seasonal 
variations  significantly*  The  confinement  of  specimens  in 
the  triaxial  cell  eliminated  the  problem  of  humidity 
control* 

It  was  observed  that  the  moisture  content  at  the  end  of 
a  test  was  in  general  a  few  percent  lower*  and  that  gas 
bubbles  appeared  in  the  drainage  lines  which  originally  were 
filled  with  water*  A  back  pressure  of  100  kPa  was  used  in 
one  test  ( CTR-2D )  to  reduce  the  gas  release  from  the  coal*  A 
brief  discussion  of  the  origin  of  these  gases  and  their 
possible  i  irpl  ica  1 1  ons  on  the  test  results  is  given  below*  No 
attempt  will  be  made  to  interpret  the  presented  data  in  the 
light  of  this  aspect »  but  it  should  be  recognized  that  the 
moisture  content  and  therefore  the  gas  release  affects  the 
creep  properties  of  coal*  It  is  assumed  that  the  failure 
mechanism  was  not  affected*  Nevertheless  the  rate  of  failure 
might  have  been  reduced  due  to  a  reduction  of  the  crack 
propagation  velocity  by  the  reduced  gas  pressure  In  the  pore 
space • 


During  the  deposition  and  compaction  of  plant 
large  amounts  of  hydro gen— con talning  gases  (mostly 
along  with  carbon  dioxide  and  traces  of  other 


material  * 
methane ) f 
gases  are 


'  / 
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produced,  and  some  of  the  gases  formed  during  the  later 
stages  of  me tamor phi sm  are  retained.  Free  gas  within  cracks, 
fissures  and  pores,  adsorbed  layers  of  gas  at  the  surface  of 
these  openings  and  perhaps  absorbed  gas  molecules  dispersed 
between  the  coal  molecules  can  be  released  if  conditions  are 
changed  (e.g.  free  gas  drains  under  a  change  in  pressure 
gradient  as  a  result  of  mine  advance).  In  a  triaxial  test, 
openings  close  under  increased  pressure  and  free  gas  as  well 
as  adsorbed  gas  can  be  forced  out  of  the  sample.  Similarly 
during  dilation  near  failure  more  openings  are  created  and 
adsorption  is  increased.  The  absorbed  gas  or  gas  in  confined 
fractures  can  diffuse  slowly  in  response  to  differences  in 
concentration.  This  concentration  difference  may  be  caused 
by  drainage  of  interconnected  fractures  or  pore  volume 
change.  Because  of  the  qualitatively  observed  slow  but 
continuous  rate  of  gas  release  it  is  believed  that  diffusion 
is  one  major  reason  for  this  gas  flow.  The  problem  of  gas  in 
coal  is  reviewed  by  Patchingi 1970)  • 

Ko  and  Gerstle  (  1J977  )  conducted  uniaxial  creep  tests  on 
a  subbit urn i nous  coal  and  found  pronounced  creep  in  wet  coal 
with  35%  moisture  and  negligible  creep  in  dry  coal  with  3% 
moisture.  Samples  sealed  against  moisture  migration  for  481 
days  showed  no  creep  until  the  seal  was  removed.  The 
ultimate  creep  strain  after  approximately  2000  hours  was  the 
same  independent  of  moisture  history.  This  work  indicates 

that  the  effects  of  moisture  diffusion  have  to  be  contained 

* 

in  a  realistic  creep  law  for  coal.  It  also  indicates  that 
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the  time-dependent  response  of  the  coat  coulcf  be  affected  by 
gas  release  since  creep  and  long-term  strength  of  brittle 
materials  are  controlled  in  part  by  stress  corrosion  at  the 
crack  tips*  This  corrosion  is  affected  by  the  pore  fluid  or 
gas  as  indicated  by  strength  tests  on  basalts  in  ultra-high 
vacuum  by  Krokosky  and  Husak(1968)  •  It  is  well  known  that 
the  compressive  strength  of  many  rocks  is  decreased  to  as 
little  as  50%  of  its  dry  strength  by  the  presence  of  water 
in  the  pores  space  (e*g*  Colback  and  Wiid(1965)  )•  The 
mechanisms  of  rock  strength  reduction  due  to  moisture  in 
rock  were  reviewed  recently  by  Ballivy  e£  §.!.*_(  1976)  t  Van 
Eeckhout (  1 976  )  and  Kenney(1978)  •  The  main  causes  can  be 
attributed  to  fracture  energy  reduction,  capillary  tension 
decrease,  pore  pressure  increase,  friction  reduction  and 
chemical  or  corrosive  deterioration*  The  first  reason  is 
most  likely  the  dominating  one  for  brittle  rock  where 
failure  is  a  consequence  of  crack  propagation  due  to  tensile 
stresses  exceeding  the  tensile  strength  at  the  crack  tips* 
Water  molecules  reduce  the  surface  free  energy  of  rock  and 
thhs  reduce  its  tensile  strength*  The  opposite  effect  would 
therefore  be  expected  if  water  in  cracks  is  replaced  by  gas* 
The  current  strength  would  Increase  during  this  process, 
slow  down  creep  or  any  ti me— dependent  failure  process,  and 
increase  the  current  long-term  strength*  On  the  other  hand 
the  strength  could  decrease  if  the  gas  diffusion  causes  a 


gradual  change  in  pore  pressure  in  closed  pores  or  cracks 


Whether  one  of  these  factors  is  the  cause  for  the  more 


* 
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ductile  behaviour  of  specimen  CTR— 2D,  the  only  sample  tested 
with  back  pressure  (100  kPa),  cannot  be  determined  from  the 
available  data*  The  observed  failure  mode  indicated  crushing 
of  a  rock  bridge  near  the  top  load— cap  and  it  seems  that 
this  resulted  in  a  different  structure  and  consequently  in  a 
more  ductile  behaviour  with  large  strain  accumulation  during 
repeated  relaxation* 

3*2*3  Relaxation  of  the  Testing  Machine 

The  testing  system  itself  relaxes  after  application  of 
a  load  due  to  relaxation  of  the  "steel  frame  —  load  cell  — 
ram  —  load  cap"  —assembly  and  slack  in  the  gear  box*  A  short 
testing  program  was  undertaken  to  determine  these  effects* 
During  this  testing  period  a  new  data  acquisition  system 
(Fluke  2240B  Datalogger)  with  higher  recording  accuracy  of 
0*001  mV  was  used,  the  temperature  was  no t  controlled  and 
fluctuated  approximately  ±2*5°C  over  a  period  of  one  day*  A 
steel  block  with  the  same  dimensions  was  installed  instead 
of  the  coal  sample  and  preloaded  to  assure  perfect  seating 
of  the  load  caps*  The  loading  history  consisting  of  twelve 
increments  is  summarized  in  Table  3*1  and  the 

load-displacement  curves  for  the  ram  relative  to  the  base 
and  the  top  of  the  cell  as  well  as  the  absolute  cell  base 
displacement  are  shown  in  Figure  3*5  together  with  a 
schematic  drawing  of  the  test  assembly*  The  various  stress 

levels  where  relaxation  tests  were  performed  are  numbered  in 

\ 

sequence  to  facilitate  comparison  with  Figure  3*6  and  3*7* 
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Relaxation  Test  on 


Steel  Block 


£  $#£  £#£  $  * 

LOAD 

INCREMENT 

NUMBER 

*******  ** 
1 
2 

3 

4 

5 

6 

7 

8 

o 

«. 

10 

11 

WU  J»  vL  «t  «U  X  *V  «t> 
1*  'I*  "T  T  T  *V'  'T'  'f'  •'C 

COAL 

1 

2 

********* 


Table  3.1 

3)c  *  *  *  *  *  *  3}e 

DEVIATOR 

LOAD 

Do 

(  kN  ) 

******** 
30.05 
30.10 
34.20 
34.2  5 
34.  08 
34.  20 
25.25 
30.  06 
4.29 
17.28 
17.  25 
$  $  $  $  $  £  #  * 

(  CTR—  2D  ) 
15.00 
15.00 
***** 


*  ******** 

LOAD 

INCREMENT 

3d 

(  kN  ) 

*=r 

+30.05 
+  0.04 
+4.142 
+  0.06 
±5.80 
±5.80 
-8.95 
+  4.81 
-25.78 
+13.00 
-0.04 

+15.00 
+  1 .05 

********* 


********* 

RELAX AT  *  N 
INTERVAL 

3 1 

(min) 

£$$$**$#$ 

1250 

1400 

260 

10 

260 

1400 

80 

3000 

1200 

800 

2500 

********* 

1400 

1400 


********* 

LOAD 

DROP/  LOG 
CYCLE  sD  o 
(  kN  ) 

********* 
-0.1  136 
0.0 

-0.0723 
-0.0102 
-0.0224 
-0.0201 
+0. 0442 
-0.0456 
+0.0765 
-0.1029 
0.0 

********* 

-0.411 6 
-0.3044 
********* 


********* 

LOAD 

HISTORY 

********* 

1  .Load, 
reload. 

2  •  load • 
reload. 

un  +  r  e load 
un  +  re loa  d 
uni oad . 
reload, 
unload • 
reload, 
reload. 
********* 

1 • load • 
reload • 
********* 


s. ..slope  of  relaxation  curve  Lacerda  and  Hous ton( 1 973  ) 
(Temperature  effects  approximately  ±0.05  to  ±0.1kN) 


- 
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Constant  Rate  of  Displacement 


Figure  3*5  Test  Aseenbly  for  Relaxation  Test  and  Load 
Displacement  Diagrams  for  Test  on  Steel  Block 


* 
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The  stiffness  of  the  testing  frame  determined  from  cell  base 
displacement  is  approximately  70  MN/m*  The  load  - 
displacement  curve  measured  between  ram  and  cell  base  shows 
a  pronounced  hysteresis*  Only  after  unloading  by 
approximately  10  kN  does  the  displacement  between  ram  and 
base  reverse*  An  almost  immediate  response  is  recorded  at 
the  load  cell  and  at  the  cell  base*  The  reason  for  this  is 
not  clear*  Ram  friction  can  be  excluded  since  there  is  no 
movement  between  ram  and  top  of  the  cell*  Bending  of  the 
base  plate  and  magnification  through  the  extension  rod  could 
have  caused  this  hysteresis*  While  the  total  displacement  is 
affected  by  this  behaviour  it  does  not  influence  the  stress 
drop  during  relaxation*  About  0*2%  of  the  measured  total 
strain  at  8  MPa  (the  maximum  strength  of  the  tested  cob l 
samples)  has  to  be  attributed  to  the  system,  resulting  in  a 
slight  underestimation  of  the  Young's  modulus  of  the  ccal* 
The  stress  drop  —  logarithm  of  time  diagram  of  the  actual 
test  data  is  given  in  Figure  3*6  and  the  linearized  date  in 
Figure  3*7.  The  load  drop  per  log-cycle  is  included  in  Table 
3*1*  The  loading  system  relaxes  after  loading  is  stopped  and 
recovers  after  unloading*  The  first  reading  was  taken  one 
minute  after  loading  was  stopped*  The  load  drop  up  to  one 
minute  was  not  included  in  Figure  3*6  and  3*7*  The 
temperature  effects  start  to  dominate  after  four  hours  and 
load  fluctuations  after  this  time  correlate  reasonably  well 

with  room  temperature*  No  cell  fluid  was  used  and  the 

\ 

loading  frame  was  not  insulated*  It  can  be  assumed  that  the 


♦ 
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Figure  3.6  Load  Change  versus  Logarithm  of  Time  for 

Relaxation  Tests  on  Steel 
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Figure  3.7  Linearized  Data  froir  Relaxation  Test  on  Steel 
( ccrre sponding  to  data  in  Figure3«  6  ) 
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-temperature  of  the  whole  system  changed  according  to  the 
room  temperature*  This  temperature  change  caused  a  maximum 
stress  variation  of  only  about  1%*  The  temperature  control 
during  coal  testing  was  significantly  better  and  the 
recording  accuracy  was  ±0*01  mV  or  approximately  ±0*04  kN • 
As  a  consequence  load  variations  related  to  temperature  of 
less  than  ±0*1  kN  were  estimated,  a  value  close  to  the 
recording  accuracy  during  coal  testing*  In  Figure  3*7  the 
first  two  relaxation  tests  (load  =  15  kN )  on  sample  CTR-2D 
are  shown  f cr  comparison*  The  load  drop  up  to  one  minute  was 
1*35  kN  and  0*2  kN  for  the  first  and  second  relaxation  on 
coal,  and  0*3  kN  and  0*08  kN  for  steel* 

The  following  observations  and  conclusions  can  be  made: 

1*  After  immediate  application  of  the  first  increment 
(increment  No*  1  to  30  N  and  No*  10  to  17*3  N)  a  total 
relaxation  of  approximately  1%  during  the  first  day  was 
measured ; 

2*  After  subsequent  reloading  to  the  corresponding  load 
level  (increments  No*  2  and  No*  11)  the  relaxation 
within  one  day  was  almost  zero; 

3*  After  unloading  by  17%  and  immediate  reloading 

(  increment  No*  5  and  No*  6)  the  relaxation  we s  0*15%  per 
day*  The  purpose  of  this  reloading  cycle  was  to  simulate 
the  amount  of  gear  movement  necessary  to  reload  the  coal 
sample  after  each  relaxation; 

4*  After  increasing  the  load  by  13*7%  to  the  next  stress 


level  the  relaxation  within  one  day  was  about  0*5% 


* 
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(increment  No.  3)  and  0*3%  (increment  No.  8)* 

It  follows  that  the  system  relaxation  would  be  in  the  order 
of  1%  for  the  initial  increment,  0.15%  for  the  following 
increments  and  0.5%  for  the  first  relaxation  after  loading 
to  a  higher  stress  level*  The  machine  relaxation  is  not 
related  to  stress  level  or  stress  increment  but  to  gear 
movement*  Because  of  this  fact  a  correction  was  not  possible 
and  the  presented  relaxation  data  includes  therefore  both 


system  and 

coal 

rel 

axation*  It  will 

be 

seen 

that 

the 

conclusions 

dra 

wn 

from  the  data 

Interpretation 

are 

3.  ndependen  t 

of 

th 

e 

machine  relaxation  and 

that 

dat  a 

from 

first  relaxation 

s 

do 

not  correlate 

well 

with 

data 

from 

subsequent 

rela 

xa 

t  io 

ns*  The  machine 

relaxation 

i  s 

not 

relevant  near  failure  of  the  coal  where  large  stress  drops 
due  to  sample  relaxation  dominate*  In  multi  pie— stage  single 
relaxation  tests  and  during  relatively  short  relaxation 
periods  of  a  few  hours  the  machine  relaxation  should  be 
considered  to  eliminate  possible  misinterpretation* 


3^2 


Q.1  Idgftl  Materials  Mce  Multiple -St  age 


Relaxation  Te sts 
Mult iple— stage  repeated  relaxation  tests,  their  data 
and  their  intepretat ion  are  not  conventional*  In  this 
section  various  ideal  materials  and  their  expected  behaviour 
in  mult iple— sta ge  repeated  relaxation  tests  will  be 
discussed*  The  actual  test  data  will  then  be  presented  in 


i  n 


the 


following 


sec  t ion 


corresponding  diagrams  to 
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facilitate  -their  interpretation  through  comparison  and  to 
allow  separation  of  zones  of  typical  behaviour.  An 
understanding  of  the  response  of  some  classical,  ideal 
materials  to  mult i pip— s tage  repeated  relaxation  tests 
assists  interpretation  of  tests  when  applied  to  natural 
rock. 

Some  symbols  and  their  definitions  are  listed  below  to 
facilitate  the  discussion; 

Do • • • • .deviatoric  stress  (61  -  63)  at  the  beginning  of  a 

stage  of  repeated  relaxation  tests; 

D •••••• devi atori c  stress  at  any  time  during  relaxation; 

&D x • • • • Do  -  D  after  one  day  of  relaxation; 

Dg?&X«  ••  currently  available  strength,  when,  regardless  of 
history,  the  rock  is  taken  directly  to  failure  by  fast 
loading;  Dtpg-j  will  ih  general  vary  with  history; 

D®iQ. .  .current  long-term  strength,  when  regardless  of 
history,  the  rock  is  taken  directly  to  failure  by 
infinitely  alow  loading; 

t*... . .time  from  onset  of  the  first  relaxation  at  a  given 
stress  level  Do  in  each  stage  of  the  repeated  relaxation 
test ; 

8t<  * • «  «time  increment  measured  from  the  beginning  of  each 
repetition  of  relaxation; 

Ng ..... number  of  relaxation  repetitions  per  stage; 
e «••«•• vertl cal  (or  axial)  strain  determined  by  measuring 

the  deformation  in  the  direction  of  deviatoric  loading 

\ 

divided  by  the  length  of  the  sample; 


.  -  t  *■»  \ 
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eo • • • • • linear  elastic  strain  for  loading  rates  that  are  fast 
compared  with  the  average,  and  assumed  to  be  identical 
with  the  initial  loading  curve; 
eg ••••• non-l inear  strain  at  low  stress  levels  due  to  crack 
closure ; 

e* ••••• inelastic  strain  corrected  for  crack  closure;  i*e* 

=  e  —  eg  —  eo  * 

The  definition  of  e*  as  inelastic  strain  can  only  be  applied 
if  the  material  behaves  linearly  elastic  up  to  the  yield 
point*  Otherwise  e*  includes  non-linear  elastic  strains*  The 
inelastic  strain  e*  can  be  measured  from  any  loading  or 
reloading  curve*  The  total  inelastic  strain  would  therefore 
be  the  sum  of  the  inelastic  strain  prior  to  loading  eo*i 
plus  the  newly  accumulated  Inelastic  strain  e**  This  eo*  is 
of  particular  importance  if  a  rock  mess  is  considered;  there 
eo*  includes  past  inelastic  strains  (e*g*  tectonic  strains)* 
Increased  damage  and  a  weaker  rock  mass  structure  results  as 
a  function  of  the  total  inelastic  strain  (Mueller  and 
Goetz(  197 3  )  )  • 

The  linear  elastic  stress-strain  curve  for  instant 
loading  is  shown  as  a  straight  dashed  line  in  all 
stress— strain  diagrams*  The  inelastic  strain  e*  is  measured 
from  this  line*  It  was  assumed  that  the  initial  loading  rate 
was  relatively  fast  and  that  the  deviation  between  instant 
and  measured  stre ss— st ra in  curves  could  be  neglected* 

Ideal  materials  can  be  described  as:  (a)  elastic  or 
plastic  with  (b)  strain-strengthening  (often  called 


- 
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strain-hardening),  (c)  ideal  plastic  and  (d) 
strai n— weaken ing  (often  called  strain— so  ft enl ng  ) 
characteristics  (see  Figure  3.8*1).  A  brittle  rock  with 
constant  ultimate  strength  would  be  idealized  by  an  elastic, 
s trai n— weaken ing ,  ideal  plastic  material.  The  time— dependent 
straining  as  observed  in  most  rocks  of  the  earth  crust  are 
(A)  reversible,  (B)  partially  reversible  or  (C)  irreversible 
and  the  recovery  can  be  (D)  instantaneous,  (E)  delayed  or 
(F)  non-existent.  The  corresponding  materials  could  be 
called  (A)  elastic,  (B)  partially  elastic  and  (C)  inelastic, 
(D)  i nstantaneou s— elast ic  (spring  model),  (E) 
delayed-elastic  (Kelvin  model)  and  (F)  plastic  (see  Figure 
3. 8. Ill,  3.8.IV).  Rheology  deals  with  the  t ime- dependence  of 
materials  (A)  to  (E).  A  solid  will  show  terminating 
t 1 me— dependent  strain  (primary  creep  only)  whereas  a  fluid 
will  deform  forever  (primary  and  secondary  creep).  The  use 
of  these  terms  is  in  agreement  with  the  accepted  opinion 
that  one  should  differentiate  between  delayed  elastic 
behaviour  (terminating  deformation)  and  creep  behaviour  with 
continuous  deformation  eventually  leading  to  failure.  If  a 
rock  behaves  like  a  fluid  with  a  st ress— dependent 
deformation  rate  it  is  called  "ideal  visco-plastic"  (F)  with 
"ideal"  indicating  rate— independent  strength  equal  to  the 
yield  stress.  Rock  with  a  rate— dependent  or  ti me— dependent 
strength  outside  the  yield  surface  (G),  as  observed  in  most 
rocks  ( NadaM 1 952  )  )  ,  is  generally  called  "visco-plastic" 


(e.g.  Bingham  model;  see  Figure  3.8. II).  A  rock  mass  behaves 
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Figure  3«8  Schematic  Stress  -  Strain  -  Time  Diagrams  for 

Ideal  Materials 


' 


. 

81 


in  a  vi  sco— plas  "tic  manner  if  (i)  the  rock  itself  deforms 
vtsco-plastically  (shale,  soft  schist  or  swelling  rock), 
(ii)  the  strength  is  reduced  due  to  chemical  alteration 
(weathered  gneiss  or  granite),  (iii)  the  rock  mass  is 
closely  and  continuously  jointed,  and  (  iv )  the  joints  are 
open  and  filled  with  a  visco— plas tic  material  (clay  or 
mylonite  may  be  highly  visco-plastic )•  As  indicated  by  the 
Bingham  model,  the  yield  stress  of  a  vi sco— plas ti c  material 
is  identical  with  the  long-term  strength  Djpip*  The  maximum 
possible  stress  level  that  can  be  reached  depends  on  the 
loading  rate*  A  vi sco— pi as ti c  material  with  an  upper  stress 
limit  beyond  which  no  additional  load  can  be  carried  behaves 
vi sco— plastically  between  the  two  limits  and  can  be 
simulated  by  a  Bingham  model  in  series  with  yield  elements* 
This  upper  boundary  is  called  available  strength  Dipg.^*  It 
follows  that  a  material  with  a  s trai n— dependen t  yield 
surface  and  upper  strength  limit  has  a  "current"  long-term 
Dgiip  and  a  "current"  available  strength  £>©§.£• 

Partially  reversible  and  delayed  elastic  solids,  fluids 
and  visco— plas ti c  materials  with  constant  or  decreasing 
strength  will  be  discussed  in  the  following  section*  No 
specific  assumptions  about  the  time— strain  or  time— stress 
relationship  is  necessary  but  it  is  assumed  for 
simplification  that  a  c orrespondi ng  superposition  principal 
could  be  found;  e*g*  Boltzmann's  superposition  principle  for 
linear  visco-elastic  materials*  It  is  therefore  assumed, 
according  to  the  behaviour  of  natural  rock,  that  rock  has  a 
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memory*  This  memory  can  change  or  be  lost  during  failure  or 
plastic  flow* 

Figure  3*9  is  a  schematic  diagram  relating  (a)  stress 
level  Do  and  (b)  inelastic  strain  e*  to  the  normalized 
stress  drop  &Di /Dq  where  &Di  is  the  stress  drop  during  a 
unit  period  of  time  (e*g*  3t=lday)  starting  from  the  time 
where  loading  is  stopped*  Among  linear  vi sco— elas t i c 
materials,  the  Maxwell  model  represents  a  simple  two 
parameter  fluid*  If  repeated  relaxations  were  carried  out 
from  a  stress  level  Dot ,  the  stress  drop  per  day  is 
controlled  solely  by  the  viscosity  and  would  be  a  constant 
that  depends  upon  the  stress  level  but  is  independent  of  the 
inelastic  strain  e**  This  may  be  represented  by  a  horizontal 
line  in  Figure  3*9b* 

An  elastic,  vi sco— plastic  material  where  the  behaviour 
within  the  r ate-dependen t  plastic  zone  can  be  described  by  a 
Maxwell  model,  does  not  show  any  relaxation  behaviour  up  to 
the  yield  point*  At  higher  stress  levels  a  stress  drop 
proportional  to  the  stress  difference  &Doi  between  the 
applied  stress-  level  Do  and  the  yield  stress  can  be 
observed*  For  an  elastic,  ideal  vi sco— plastic  material  with 
no  stress  relaxation  points  plot  on  the  abscissa  C 3Di  is 
zero).  The  relationship  between  stress  level  and  normalized 
stress  drop  for  this  material  plots  as  an  inclined  line 
(Figure  3*9*a)  whose  slope  depends  on  the  viscous  element 
and  is  independent  of  stress  history  or  number  of  relaxation 
tests  Ng*  The  simple  linear  vi sco— elasti c  solid  is 
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Stress  Difference  A  D0 


Maxwell  Material;  1)  Viscous  2)  Elastic,  Visco-Plastic 
Spring  +  Kelvin  Model;  S...Single  Stage  Test 

m... Multiple  Stage  Test 

Burgers  Model 
Strain-Weakening  Material 
Strain-Strengthening  Material 


Figure  3.9  Schematic  Diagram:  Normalized  Stress  Drop  versus 
Stress  Level  and  Inelastic  Strain  for  Ideal  Materials 
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represented  by  a  spring  in  series  with  a  Kelvin  model*  In 
this  case  repeated  relaxation  from  a  given  stress  level  Do i 
results  in  a  decreasing  stress  drop  per  unit  time, 
approaching  zero  at  infinite  time  but  at  a  finite  inelastic 
strain  e*.  This  plots  as  an  Inclined  curve  (linear  for  a 
linear  vi sco— elas t ic  model)  in  Figure  3*9*b  intersecting  the 
abscissa.  at  a  maximum  Inelastic  strain  e*oi*  The  shape  of 
these  curves  depends  on  the  loading  history,  but  the  maximum 
strain  accumulated  at  infinite  time  is  a  function  of  stress 
level  only  and  independent  of  stress  history*  The 
inclination  of  these  curves  decreases  for  decreasing  time 
intervals  between  relaxations,  and  more  strain  is 
accumulated  in  the  same  time  during  relaxation  tests  with 
fast  repetitions*  If  the  maximum  inelastic  strain  during  one 
stage  of  repeated  relaxations  tests  is  reached 
(theoretically  at  infinite  time)  and  the  stress  increment 
from  stress  level  to  stress  level  is  constant,  parallel 
curves  displaced  by  a  constant  inelastic  strain  increment 
result*  The  loading  curve  between  increments  would  be 
parallel  to  the  initial  loading  curve  and  this  Ideal 
material  would  therefore  resemble  a  strain— strengthening 
material  ( F inni e (  1960  )  )•  If  the  normalized  stress  drop 
versus  inelastic  strain  curves  for  subsequent  relaxation 
stages  are  identical,  as  will  be  reported  for  some  tests  on 
coal,  inelastic  strain  is  recovered  during  loading  and  the 
maximum  inelastic  strain  is  stress  independent  (at  least  for 


a  limited  stress  range)* 


The  behaviour  discussed  can  be 
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illustrated  by  a  series  of  curves  indicated  in  Figure  3*9*a* 
For  a  single  stage  test  with  repeated  relaxation  each  stress 
drop  would  fall  on  an  inclined  line  according  to  stress 
level  Do  and  number  of  relaxation  Ng*  Relaxation  decreases 
with  accumulation  of  inelastic  strain*  In  multi  pie— s tage 
repeated  relaxation  tests  only  the  first  stage  would  plot  on 
these  lines  and  the  results  from  later  stages  would  fall  on 
curves  whose  shape  depends  entirely  on  the  stress  history 
(the  number  of  relaxations  during  earlier  stages*  the 
duration  of  each  relaxation  and  the  stress  increment  between 
stress  levels)*  Again,  for  constant  increments  and  complete 
straining  per  stage,  parallel  and  horizontal  lines  would 
result*  For  a  stress  history  similar  to  the  one  used  in  the 
coal  testing  a  set  of  lines  labeled  with  "mM  would  be 
expected*  The  reason  for  this  shape  is  that  there  Is  a  large 
first  increment  which  is  followed  by  smaller  but  constant 
i ncreraents* 

The  behaviour  of  a  Burgers  model  which  is  often  used 
for  coal  before  failure,  is  Indicated  in  Figure  3*9*b*  At 
low  inelastic  strains  and  Immediately  after  loading  the 
Kelvin  model  dominates  in  coal,  and  later  the  viscous. 
Maxwell  element  controls  the  relaxation  behaviour*  For 
single  stage  tests  (Figure  3*9*b),  a  set  of  inclined  lines 
with  a  decreasing  slope  for  an  increasing  number  of 
relaxations  Ng  would  terminate  at  the  line  shown  for  a 
Maxwell  material  (and  not  at  the  abscissa  as  for  the  Kelvin 
material)*  For  multiple  —  stage  tests  no  schematic  curves 


, 
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can  be  Included  because  of  the  complexity  due  to  the 
history-dependence.  Qualitatively  linear  superposition  gives 
a  good  indication  of  the  response  which  could  be  expected. 
For  an  elastic*  visco— plastic  material  the  same  concept  as 
discussed  earlier  would  apply*  and  the  behaviour  would 
depend  on-  the  stress  ^difference  between  the  stress  level  and 
the  yield  stress  rather  than  to  the  stress  level  itself. 

For  an  elastic,  visco— plastic  material  with  a 
strain-dependent  strength  the  stress  difference  &Do  changes 
gradually  as  a  function  of  the  accumulated  inelastic  strain 
even  if  the  stress  level  Do  is  kept  constant.  A  decrease  of 
the  yield  strength  with  strain  in  a  strain— weaken ing 
material  results  in  an  increase  in  the  stress  difference  3Do 
up  to  a  maximum  at  failure.  On  the  contrary*  for  a 
stra in— strengthen ing  material  the  stress  difference 
decreases  as  the  stress  level  approaches  the  yield  strength. 
The  corresponding  behaviour  is  indicated  in  Figure  3.9b  with 
s trai n— weakening  leading  to  failure  at  e*^  and  strain- 
strengthening  to  a  stable  condition  with  no  relaxation  at  a 
finite,  inealstic  strain.  The  shape  of  these  two  curves  is 
controlled  by  the  slope  of  the  after  failure  s tress— strai n 
curve • 


As  soon  as  the  relaxation  becomes  insensitive  to  the 
inelastic  strain  e*,  as  in  the  visco-plastic  zone  or  near 
ultimate  strength  where  the  strength  loss  is  small  relative 
to  a  given  strain  increment,  it  is  better  to  plot  the  stress 
ratio  versus  the  normalized  stress  drop.  The  stress  drop  and 
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*the  stress  level  are  normalized  to  the  current  available 
strength  to  take  into  account  a  possible  strength  loss 
or  the  corresponding  increase  in  stress  level*  This  was  not 
necessary  it\  the  previously  discussed  diagrams  where  Dqi3$ 
may  be  assumed  constant  for  the  prefailure  range  or  at 
stress  levels  below  Djp]of  the  current  long-term  strength*  In 
the  following  the  relaxation  behaviour  in  this  zone  of  a  few 
ideal  materials  is  discussed  and  schematically  illustrated 
in  Figure  3*10* 

A  vi sco— elasti c  solid  (e*g*  spring  +  Kelvin  model) 
shows  a  linearly  increasing  stress  drop  in  single  stage 
tests  as  indicated  by  the  straight  dashed  lines*  Subsequent 
relaxations  from  the  same  stress  level  will  tend  towards 
zero  relaxation  and  at  a  fixed  number  of  relaxations  Ng  =  n 
fall  on  a  straight  line  between  Ng  =  1  and  the  ordinate* 
Because  of  the  stress  history  dependence  of  this  model  the 
response  at  a  higher  stress  level  depends  on  the  stress 
increments  and  time  intervals  between  relaxations*  An 
example  is  indicated  for  a  three  stage  history  (labeled  I)* 
After  major  relaxation  during  the  first  stage  (after  a  large 
initial  stress  increment  to  stress  level  A)  the  relaxation 
decreases  rapidly,  even  at  slightly  higher  stress  levels* 

An  elastic,  visco-plastic  material  does  not  relax  up  to 
the  yield  point  at  stress  level  A*  Above  this  level  the 
relaxation  is  proportional  to  the  stress  difference  between 

stress  level  and  yield  stress  (Maxwell  model)  and  the 

\ 

relaxation  after  infinite  time  is  equal  to  this  stress 
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Stress  Ratio  Dq/D 


-  Elastic,  Visco-Plastic  Material 

- Visco-Elastic  Material  (single  stage) 

- Visco-Elastic  Material  (multiple  stage)  Y//////A 

- Visco-Elastic  Superimposed  on  Visco-Plastic  sxxxxxx 

Material  (no  interaction  assumed) 

(D  Stage  Number  <5t  =  1  for  stage  loading 


Figure  3*10  Schematic  Diagram:  Stress  Ratio  versus 
Normalized  Stress  Drop  for  Ideal  Materials 
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difference*  This  type  of  material  wilt  therefore  terminate 
at  a  line  inclined  at  45°  (  labeled  for  an  infinite  time 
increment  )  *  or  at  smaller  time  intervals  the  normalized 
stress  drop  will  plot  on  an  inclined  line  through  A  as 
indicated  for  a  unit  time  interval  St  =  1*  It  is  assumed  in 
this  plot  that  the  rate— dependent  range  is  limited  by  D®q.^ 
(St*  Venant  element  in  series  with  Maxwell  model)*  During 
repeated  relaxations  from  a  fixed  stress  level  Do  of  a 
vi sco— plas ti c  material  with  strai n— dependent  strength,  the 
current  available  strength  Dipg.$  and  the  stress  ratio  change* 
This  results  in  data  points  displaced  parallel  to  the  lines 
of  constant  time  Increment  8t  as  indicated  by  the  two  arrows 
parallel  to  the  relaxation  limit  St  equal  to  infinity* 

For  a  vise o— elastic*  visco— plastic  material  it  was 
assumed  that  the  two  processes  were  independent  and  could  be 
superimposed  directly*  This  is  quantitatively  not  correct 
since  the  stress  drop  of  the  vise o— plastic  element  affects 
the  relaxation  of  the  vi sco— elasti c  element  and  vice  versa* 
The  expected  behaviour  during  a  three  stage  repeated 
relaxation  test  for  two  stress  histories  (II  and  III)  is 
indicated  in  the  schematic  diagram  (Figure  3*10)*  The 
visco-elastic  part  dominates  at  early  stages  and  low  number 
of  relaxations  whereas  the  vise o— plastic  part  dominates 
eventually  when  the  visco-elastic  element  is  strained  to  its 
limit*  Figure  3*11  gives  examples  for  linear  viscous 
materials  and  variable  stress  histories  using  specific 


pa  rame  te  rs 


Stress  Ratio  D0/D 
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a)  Spring  +  Kelvin  Model:  o stage®; stage® a 

S _ single  stage;  NR . number  of  relaxations 

b)  Maxwell  Model  Above  Yield  Stress  (0.9  Dmax) - — - 

c)  Effect  of  Two  Models  Superimposed  (independent) - - - 


Figure  3«11  Stress  Ratio  versus  Normalized  Stress  Drop  for 

Linear  Viscous  Models 
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The  stress  after  loading  is  stopped  is  given  by 


Fluegge( 1967 ) 


D( t  )  =  qo ei(  1  — exp( -t/pi  )  )+Doexp( -t/pi ) 


(  Eqn.3 • 1  ) 


and  the  normalized  stress  drop  after  unit  time  and 
instant  loading  is 


SDi  /  D0  =  (  1~(  qo/E0  )  )(  l-exp(  -1/pi  )  ) 


C  Eqn.3. 2 ) 


or  for  repeated  relaxations,  a  constant  loading  modulus 
and  a  constant  time  increment  equal  to  unity 


SDi  i/D0  =  (  l-(  qo/Eo  )(  l+2i(  SDt(  irl  )/D0  )  ))(  l-exp(-l/pt  )  ) 

. ••••• . . . . (  Eqn.3 .3  ) 

since  ej  at  the  beginning  of  each  relaxation  is 


e i i  =  ( D0/E0  )+It( SDt(  i~l  )/E0  )  =60+6* 


(  Eqn.  3.4) 


( e$  is  a  function  of  the  loading  modulus), 
where : 

i... number  of  relaxation  test  Njg; 

go • . E0E/( E0+E ) ,  long-term  stiffness  (3.53  x  103  MPa); 

Eo • • s t i f fness  of  spring  in  series  with  Kelvin  model  (4.0 
x  103  MPa); 

E. <  « stiffness  of  Spring  in  Kelvin  model  (30  x  103  MPa); 
Pi •• relaxation  time  (2.45  days); 

^••summation  from  1  to  i • 

The  numbers  in  parentheses  correspond  to  the  values 
assumed  for  Figure  3.11.  They  are  taken  from  tests  on 
coal  published  by  MorlierC 1964  )  and  Kidyb inski (  1 966  )  • 

Data  is  indicated  in  Figure  3.11  for  two  cases;  loading 

\ 

to  one  stage  only,  with  five  relaxations  at  Djpg^Jf  and 
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loading  to  a  first  stage  at  0*9  with  five 

relaxations  followed  by  loading  to  a  second  stage  of 
repeated  relaxations  at  Dgp&jc* 

2  •  MMwe.il  Jliilirf 

The  stress  after  loading  is  stopped  is  (Fluegge,  1967) 

D(  t  )  =  D0exp(-t/pi  )•••••« . . «.t(  Eqn«3.5 ) 

or  for  repeated  loading  and  a  constant  time  Increment  3t 
the  normalized  stress  drop  is 

SDt/Do  =  l-exp( -3 t/pi  )•••••••••••••••••••••( Eqn. 3 • 6  ) 

independent  of  number  of  relaxation  Ng«  The  parameter  pi 
was  assumed  to  be  0*5  days  for  Figure  3*11*  For  a 
material  with  a  yield  point  and  a  behaviour 
corresponding  to  the  Maxwell  model  at  higher  stresses, 
Do  is  to  be  replaced  by  SDo,  the  stress  difference  above 
the  yield  stress*  A  series  of  curves  for  various  time 
increments  between  six  hours  and  infinity  are  given* 

3*  The  previously  discussed  simplified  assumption  of 
superposition  of  the  independent  relaxation  behaviour 
was  used  to  illustrate  the  response  of  a  visco- elastic 
material  with  viscous  flow  above  a  given  stress  level 
0*9  D®$£*  Three  stress  histories,  all  starting  with  a 

first  stage  of  five  repeated  relaxations  at  Do  =  0*9 
are  indicated*  This  first  stage  was  followed  by 
loading  to  a  second  stage  of  relaxations  at  Dgig.^,  0*94 
Dip^x  or  0*92.  Dtpg. x •  The  latter  was  subsequently  loaded  to 
a  third  stage  at  0«94  Djpax* 
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In  this  section  the  test  results  of  five  multiple-stage 
repeated  relaxation  tests  on  coal  are  presented*  The 
specimens  and  their  failure  mode  is  described  and  a  general 
description  of  the  individual  test  is  given*  Difficulties 
during  the  early  stage  of  this  testing  program  and  changes 
in  the  testing  procedure  did  not  allow  a  consistent  analysis 
of  all  test  results*  Because  of  this  fact  no  relaxation  data 
are  included  for  Tests  CTR— 2B  and  CTR— 2C  but  a  qualitative 
discussion  of  the  stress-strain  behaviour  is  given*  The 
figures  for  the  remaining  three  tests  are  located  at  the  end 
of  this  section  3*4  in  chronological  order  to  facilitate 
comparison  during  the  interpretation  given  in  Section  3*5* 
The  mechanical  properties  of  all  five  samples  were 
summarized  in  Table  2*2* 
lesi  Eojl  £1_R-2B 

This  specimen  was  intersected  by  a  number  of  Joints  and 
failed  mainly  along  one  Joint  Intersecting  the  sides  of  the 
sample  6  mm  below  the  load  cap*  The  shear  plane  was  inclined 
at  approximately  65°  to  the  horizontal  plane  and  consisted 
of  about  25%  rock  bridges  only*  One  bedding  plane  separation 
was  observed  on  one  side  of  the  shear  plane*  The 
stress-strain  curve  in  Figure  3*12  seems  to  indicate  that  an 
initial  failure  occurred  during  stage  one  of  repeated 
relaxation  tests  due  to  shear  of  the  Joint  plane  on  one  side 

of  this  bedding  plane  separation  and  that  the  remaining, 

\ 

intact  part  allowed  reloading  and  failed  at  increased 


Deviatoric  Stress  (MPa) 
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Figure  3*12  Strcse-Stre In  Eiogram  of  Test  No*  CTF-2B 
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strain#  A  sudden  toss  of  confining  pressure  during  stage 
three  resulted  in  excessive  shear  of  the  sample  and  the 
total  strain  is  therefore  unknown#  Two  weeks  later  the 
pressure  system  was  repaired,  the  sample  was  reloaded  and 
relaxation  tests  were  conducted  near  ultimate  strength#  The 
total  testing  time  was  151  days#  The  data  is  not  reported  in 
detail  because  of  two  reasons:  firstly,  the  total  strain  is 
unknown  and  secondly,  the  effects  of  shear  on  the  rock 
structure  during  the  loss  of  confinement  and  the  two  week 
unloading  period  cannot  be  evaluated#  Nevertheless  the 
results  of  the  eleven  stages  of  repeated  relaxations  near 
ultimate  strength  are  consistent  with  the  results  of  other 
tests,  confirm  the  conclusions  drawn  in  the  following 
section  and  show  a  r ate— dependen t  visco-plastic  zone  above 
92%  D$a$#  There  was  some  indication  that  Djpgjp  is  not  only  a 
function  of  accumulated  strain  but  also  a  function  of  the 
time  during  which  the  normal  stress  acts  on  the  shear  plane# 
A  strength  increase  with  time  might  be  explained  by  a 


time— dependent  “over— closure" , 


term  introduced  by 


Barton(1974)  to  describe  a  stress-dependent  interlocking  of 
shear  surfaces  or  rock  mass  structures#  During  reloading 
after  stage  three  Dggjp  =  2*3  MPa  was  reached#  After 
unloading  and  reloading  followed  by  two  stages  of  repeated 
relaxations  (4  and  5)  a  Dgig.jp  =  2#43  MPa  was  reached  at 
increased  strain  during  stage  six#  No  such  effect  was 


observed  later  and  Dgigjp  was  almost  constant  during 


accumulation  of  another  1%  strain#  This  indicates  that  this 


'  ■  * 


...  ’  ■ 
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test  series  was  conducted  close  to  the  ultimate  strength  of 
this  specimen*  Dgsg-jf:  was  determined  three  times  after  stage 
6,  8  and  14  by  fast  straining  at  a  rate  corresponding  to  the 

initial  testing  rate* 

Xes ±  Nc^  CTE-2C 

The  failure  plane  along  one  Joint  inclined  59°  to  the 
horizontal  plane  emerged  10  mm  below  the  load  cap*  No 
bedding  plane  separation  was  observed  and  only  15%  of  the 
shear  plane  consisted  of  rock  bridges*  Other  visible  joints 
were  approximately  20  mm  apart*  The  volume  change  of  the 

cell  was  recorded  during  this  test*  During  each  stage  of 

repeated  relaxation  tests  the  volume  change  indicator  was 

closed  because  of  a  minor  leak*  The  volume  change  behaviour 
(Figure  3*13)  is  similar  to  the  one  recorded  in  short-term 
tests*  Failure  occurred  during  stage  five  of  repeated 
relaxation  tests  and  the  post-peak  curve  indicates  a  less 
brittle  behaviour  than  during  test  CTR— 2B  (tested  at  the 
same  confining  pressure)*  The  test  had  to  be  discontinued 

after  75  days  due  to  a  membrane  failure*  No  valuable 
information  was  gained  from  stages  6  to  8  because  of 
inconsistent  testing  procedures  or  loading  too  close  to  the 
current  available  strength* 

In  the  prefailure  range  the  following  qualitative 
observations  were  made*  Up  to  stage  four  continuously 
decreasing  relaxation  Indicated  a  limited  time— dependent 

zone  with  a  behaviour  similar  to  that  of  a  rheological  model 

\ 

with  a  spring  in  series  with  a  number  of  Kelvin  models 


. 
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Vertical  Strain  (%) 


Figure  3.13  Stress-Strain 


Eiagram  of  Test  No# 


CTR-2C 
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(Hardy  and  Chugh(1959)  l*  This  zone  would  therefore  be 
limited  by  a  short— term  modulus  and  a  long-term  modulus* 
During  a  load  increase  to  the  following  stage  the 
stress— strain  curve  was  steeper  and  most  of  the  creep  strain 
was  recovered  if  the  iccrement  was  sufficiently  large*  From 
this  observation  it  appears  that  the  coal  can  neither  behave 
like  a  time-hardening  material,  where  the  slope  to  the  next 
stage  would  be  reduced,  nor  like  a  strain-hardening 
material,  where  the  slope  would  remain  the  same 
( F inni e(  1 96 0  )  )•  The  time— dependent  response  seems  to  be 


propotional  to  the  stress  level  and  the  inelastic  strain  e 


■**  • 


The  model  suggested  by  HardyC  1959  )  or  Terry<  1956)  could 
describe  the  behaviour  at  a  given  stress  and  strain 
accurately  but  would  not  reveal  the  strain  recovery 
behaviour  since  It  simulates  a  strain— strengthen ing 
material*  During  "loading  to  stage  five  the  reloading  modulus 
was  approximately  equal  to  the  initial  short-term  modulus 
Eo*  Continuously  increasing  stress  drops  of  three  percent 
per  12  hours  interval  indicate  that  this  stage  was  at  a 


stress  level  well  above  the  long-term  peak  strength* 


Te^t  HfiL*.  £Xg-2A 

A  picture  of  this  specimen  after  testing  is  given  in 
Plate  3*1*  The  shear  plane  developed  along  a  joint  plane 
inclined  at  61°  to  the  horizontal  and  a  bedding  plane 
separation  similar  to  sample  CTR-2B  was  observed*  Crushing 

of  the  remaining  part  resulted  in  a  rather  ductile  post  — 

\ 

failure  curve  (Figure  3*14)*  The  collapse  of  this  separated 


*1 
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Plate  3.  1  Sample  CTR— 2 A  after  Testing 
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Figure  3.14  Stregs-Stroln  Diagram  of  Test  No*  CTR-2A 


Vertical  Strain  (%) 
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part  is  indicated  by  a  sudden  change  in  post  —  failure 
slope • 


Six  stages  of  repeated  relaxation  tests  at  increasing 
stress  levels  before  and  through  peak  strength,  three  stages 
at  decreasing  stress  levels  after  reloading  (7  to  9),  one 
stage  at  decreasing  confining  pressure  (10),  and  14  stages 
near  ultimate  strength  were  undertaken  during  a  total 
testing  time  of  178  days*  Between  stage  19  and  20  the 
confining  pressure  accidently  dropped  and  the  sample  had  to 
be  reloaded  after  the  original  pressure  was  built  up 
immediately*  Two  sets  o~f  typical  test  results  with 
normalized  deviatoric  stress  drop  versus  time  and  total 
vertical  strain  versus  time  are  given  in  Figure  3*3  for 
stage  six  through  peak  strength  and  Figure  3*15  for  stages 
13  to  15  near  ultimate  strength*  The  first  one  shows  the 
relaxation  behaviour  as  the  failure  point  is  reached  (from  a 
primary  through  a  secondary  to  a  tertiary  creep  stage)  and 
the  second  shows  a  linear  relationship  between  time  and 
strain  during  multi  pie— stage  repeated  relaxation  tests  near 
ultimate  strength* 

Figure  3*16  gives  the  data  of  two  prolonged  relaxations 
(5  days)  at  stage  14  and  24*  It  can  be  seen  that  the 
relation  between  normalized  stress  drop  and  logarithm  of 
time  is  linear*  This  fact  was  used  to  determine  «5Dt,  the 
stress  drop  after  unit  time,  if  the  test  period  was  less 
than  unity*  The  testing  frame  stiffness  as  determined  from 
this  diagram  is  approximately  50  MN/m.  During  stage  eight 


* 


no 
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Figure  3.15  Nonralized  Deviaioric  Stress  and  Total  Vertical 
Strain  versus  Time  of  Test  Nc.  CTR-2A  (Stages  13  to  15) 


CTR-2A  (Old  Test  Frame) 
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Figure  3*16  Normalized  Deviatorlc  Stress  and  Vertical 
Difference  versus  Logarithm  of  Time  during  Relaxation 

Sample  No«  CTF-2A 


Strain 
o  f 


06  0 
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the  load  was  cycled  at  the  initial  strain  rate  and  the 
accumulated  strain  versus  number  of  loading  cycles  is  given 
in  Figure  3#17#  The  amplitude  was  5%  of  the  stress  level  Do 
=  2*39  MPa  equivalent  to  the  stress  drop  measured  over  a 
relaxation  period  of  one  day#  For  comparison  the 
corresponding  points  during  regular  testing  with  one  day 
relaxation  intervals  are  plotted  on  the  same  figure 
(different  scale)#  The  strain  accumulated  during  one 
relaxation  cycle  is  approximately  equal  to  the  straining 
during  the  ten  short-term  cycles#  Repeated  loading  after 
relaxation  has  some  resemblance  with  fatigue  testing  with 
the  major  three  differences  being  that  the  number  of  cycles 
in  multiple— stage  repeated  relaxation  tests  is  small,  the 
cycles  are  asymmetric  in  time  and  that  the  stress  range  was 
kept  below  a  few  percent  of  the  mean  stress#  Another 
observation  of  interest  is  that  accumulated  damage  during 
cycling  resulted  in  an  increased  relaxation  (from  5#3%  to 
7#6%  during  a  one— day  relaxation  increment)  which  was 
followed  by  a  reduced  relaxation  due  to  strengthening  before 
failure  was  initiated  (compare  with  Figure  3#19)# 

Figures  3# 18,  3#19  and  3#20  (at  the  end  of  this 
section)  contain  the  relaxation  data  for  the  stages  one  to 
ten  in  normalized  stress  drop  versus  deviatoric  stress  or 
vertical  strain  e*  diagrams#  The  stress  ratio  versus 
normalized  stress  drop  for  the  stages  8  to  24  is  given  in 

Figures  3#21,  3#22  and  3# 23#  The  current  short-term  strength 

\ 

Djp§j  was  calculated  by  Interpolation  between  points  where 


- 


- 


Sf ,£ 


Accumulated  Strain  (%)  x  10'2 
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Figure  3«17  Accumulated  Strain  versus  Logarithm  of  Number  of 

Cycles,  Test  Nc.  CTR-2A 
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rapid  straining  at  a  constant  rate*  Both 
stress  drop,  are  affected  by  the  loading 
heoretically  be  determined  from  instant 
of  1*52  mro/hour  was  kept  constant 
ting  program  and  is  relatively  fast*  In 
s  drop  should  be  normalized  to  the 

strength,  but  this  value  is  difficult  to 


Xej£±  Hn*. 

This  specimen  failed  along  a  Joint  inclined  57°  to  the 
horizontal*  A  strong  rock  bridge  near  the  upper  part  of  the 
joint  caused  a  tensile  crack  to  propagate  towards  the  load 
cap*  Loading,  over— stressing  and  crushing  of  this  rock 
bridge  is  most  likely  the  reason  for  the  more  ductile 
behaviour  of  this  sample*  A  minor  part  was  sheared  along  a 
bedding  plane  which  intersected  the  sample  side  40  mm  above 
the  bottom  load  cap*  Approximately  50%  of  the  shear  plane 
consisted  of  open  joint  surface*  From  the  relaxation  data  it 
appears  that  the  joint  sheared  when  loaded  to  stage  eight  at 
an  inelastic  strain  of  e#£  =  0*26%  as  indicated  by  the  arrow 
in  Figure  3*24* 

Eleven  stages  of  repeated  relaxation  tests  at 
Increasing  stress  levels  before  and  through  short-term  peak 
strength  were  followed  by  five  stages  after  unloading  and 
reloading  in  the  after  failure  range*  The  total  testing  time 
was  93  days*  The  membrane  failed  during  the  second 
unloading— re  loadi ng  cycle  at  2%  total  strain  and  no  further 
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testing  near  ultimate  strength  was  possible#  Two  sets  of 
typical  test  results  with  time  versus  normalized  deviatoric 
stress  drop  and  total  vertical  strain  versus  time  are  given 
in  Figure  3*4  for  stage  one  before  failure  and  Figure  3*25 
for  stages  eight  to  ten  near  the  long-term  peak  strength 
before  collapse* 

A  diagram  of  normalized  deviatoric  stress  and  vertical 
strain  versus  logarithm  of  time  for  stages  1,  9  and  10  in 
Figure  3*26  indicates  again  a  linear  relationship  and  a 
machine  stiffness  of  approximately  80  MN/m  was  calculated* 
All  relaxation  curves  for  the  prefailure  stages  1  and  5  are 
given  in  Figure  3*27;  some  non-linearity,  most  likely  due  to 
temperature  effects,  can  be  observed*  Figures  3*28  and  3*29 
contain  the  relaxation  data  for  stages  1  to  11  and  12  to  16 
in  deviatoric  stress  and  vertical  strain  et  versus 
normalized  stress  drop  diagrams* 

Teal  Rsls.  cxEr2E 

A  picture  of  this  specimen  after  testing  is  given  in 
Plate  3*2*  The  shear  plane  developed  along  four  different 
joint  planes  inclined  at  60  to  65  degrees  to  the  horizontal* 
The  left  side  of  the  sample  sheared  along  one  plane  with 
some  rock  bridges  whereas  the  right  part  sheared  along  three 
stepped  joints*  These  steps  were  between  5  and  15  mm  in 
height  and  they  were  created  by  tensile  fractures 
approximately  perpendicular  to  the  joint  planes*  The  lowest 
part  of  the  shear  plane  intersected  the  load  cap*  Because  of 
this  irregular  failure  surface  the  sample  was  sheared  along 
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Plate  3*2  Sample  CTR— 2F  after  Testing 
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a  portion  of  a  bedding  plane.  The  overall  degree  of 
separation  was  roughly  85%.  The  stress-strain  curve  is  given 
in  Figure  3.30.  Failure  occurred  during  stage  three  and  the 
post— peak  curve  is  relatively  steep.  Between  the  two 
prefailure  stages  at  stress  levels  above  75%  failure  stress 
only  a  portion  of  the  accumulated  inelastic  strain  was 
recovered.  The  sample  was  unloaded  three  times  and  reloaded 
in  the  post  failure  range.  These  loading  cycles  were 
followed  by  repeated  relaxation  tests  at  stage  4  and  stages 
5  to  8  at  decreasing  stress  levels.  Stages  8  and  9  involved 
testing  at  increasing  confining  pressure  (contrary  to  Test 
No.  CTR— 2A  )  followed  by  a  gradual  ceil  pressure  decrease  to 
the  original  level  and  another  three  stages  of  repeated 
relaxation  tests  from  decreasing  stress  levels  near  ultimate 
strength.  The  total  testing  time  was  133  days. 

Figures  3.31  and  3.32  contain  relaxation  data  from 
stage  8  at  increasing  confining  pressures  and  stage  9  at 
decreasing  confining  pressures.  A  linear  normalized 
deviatoric  stress— logarithm  of  time  relationship  is  again 
obvious.  Figure  3.33  summarizes  the  relaxation  data  from 
stages  one  to  four  in  a  vertical  strain  versus  normalized 
stress  drop  diagram  and  the  following  Figures  3.34*  3.35  and 
3.36  give  the  normalized  stress  drop  versus  stress  ratio 
diagrams  for  the  remaining  stages  4  to  13. 


'  ■  - 


no 


Test  No.  CTR-2A-76  ct3  =  400  kPa 


Figure  3.18  Normalized  Deviatoric  Stress  Drop  versus 
Deviatoric  Stress  and  Inelastic  Strain  e* f  Test  No*  CTR— 2Af 

Stages  1  to  6 
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Figure  3*19  Normalized  Deviatoric  Stress  Drop  versus 

Inelastic  Strain  e*f  lest  No*  CTR-2A  T  Stages  7  to  9 
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F i gur  e 


3*20  Normalized  Deviatoric  Stress  Drop  versus 
Inelastic  Strain  Test  No.  CTR— 2At  Stage  10 


Stress  Ratio  Dq/D 
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Normalized  Stress  Drop  5D/Dmax 


O.OI  0.02  003  0.04  0.05  0.06  0.07  0.08  0.09  1.0 


Figure  3«21  Stress  Ratio  versus  Normalized  Stress  Drop,  Test 

No  •  CTR—2A,  Stages  7  to  9 


Stress  Ratio  Dq/D 
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Normalized  Stress  Drop  <5D/Dmax 

O.OI  0.02  003  0  04  0.05  006  0.07  008  009  1.0 


Figure  3.22  Stress  Ketio  versus 

No.  CT  K—  2  A  , 


Normalized  Stress  Drop,  Test 
Stage  1 0 


Stress  Ratio  Dq/D 
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Normalized  Stress  Drop  £D/Dmax 


Figure  3*23  Stress  Ratio  versus  Normalized  Stress  Drop,  Test 

No.  CTR-2A,  Stages  11  to  24 


Figure  3*24  Stress-Strain 
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Test  No.  CTR-2D 
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Figure  3*25  Normalized  Deviatoric  Stress  and  Total  Vertical 
Strain  versus  Time  of  Test  No.  CTR— 2D »  Stages  8  to  10 
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Figure  3.26  Noritalized  Devlaioric  Stress  and  Vertical  Strain 
Difference  versus  Logarithm  of  Time  during  Relaxation  of 

Sample  No.  CTR-2D 
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3*27  Normalized  Deviatorlc  Stress  versus  Logarithm  of 

Tine,  Test  No.  CTF-2D 


160 
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Figure  3.28  Normalized  Deviatoric  Stress  Drop  versus 
Deviatoric  Stress  ard  Inelastic  Strain  e* t  Test  No.  CTR— 2D, 

Stages  1  to  11 


Deviatoric  Stress  D0  (MPa)  Inelastic  Strain  e*  (%) 
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Deviatoric  Stress  D0  Inelastic  Strain  e*  (%) 
(MPa) 


Figure  3.29  Normalized  Deviatoric  Stress  Drop  versus 
Deviatoric  Stress  ard  Inelastic  Strain  e=4=  ,  Test  No. 

CTR-2D , Stages  12  to  16 


Deviatoric  Stress  (MPa) 


Figure  3.30  Stress-S tra  in  Eiagram  of  Test  No.  CTR-2F 
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Figure  3.31  Normalized  Deviatoric  Stress  versus  Logarithm  of 

Time,  Test  No.CTK-2F,  Stage  8 
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Figure  3*32  Normalized  Deviatoric  Stress  versus  Logarithm  of 

Time,  Tes+  No.  CTE-2F,  Stage  9 


0.92 


125 


Figure  3.33  Normalized  Deviatoric  Stress  Drop  versus 
Inelastic  Strain  e*f  Test  No.  CTR-2F »  Stages  1 


to  4 
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Stress  Ratio  D0/D 
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Normalized  Stress  Drop  5D/Dmax 


Figure  3.34  Stress  Eetio  versus  Normalized  Stress  Drop*  Test 

No.  CTR-2F,  Stages  4  to  8 


Stress  Ratio  D0/D 
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Normalized  Stress  Drop  5D/Dmax 


Figure  3.35  Siress  Ra+lo 

No. 


versus  Normalized  Stress  Drop,  Test 
CTF-2F,  Stage  8 


Stress  Ratio  D0/D 
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Normalized  Stress  Drop  5D/Dmax 


Figure  3.36  Stress  Ratio  versus  Normalized  Stress  Drop,  Test 

No.  C  UR— 2  F  t  Stages  9  to  13 
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3jl5  inteypr^tatlgn  o.t  Eeg^itg 
3*  5* 1  Introduction 

During  deformation,  the  mic r ost rue ture  of  rock  changes 
continuously*  Crack  closure  occurs  at  the  beginning  of 
loading,  shear  displacement  develops  along  cracks*  cracks 
propagate  and  finally  the  confluence  of  cracks  results  in  a 
shear  zone*  The  time— dependent  properties  of  rock  are 
structure— dependent  and  therefore  extrapolation  from 
behaviour  at  one  structure  to  another  requires  an 
understanding  of  this  dependence*  The  rheology  of  rock 
cannot  be  effectively  described  in  simple  terms  as  a  time—* 
stress—*  or  strain-dependent  material  except  over  limited 
ranges  of  stress  or  strain* 

In  this  section  a  description  is  offered  of  ranges  of 
typical  behaviour  and  the  transitions  between  them  as  a 
brittle  rock  is  deformed  over  the  peak  strength  to  the 
ultimate  resistance*  This  description  is  given  in 
phenomenological  terms  in  order  to  delineate  the  various 
processes  involved*  It  should  be  noted  that  the  recognition 
of  transitions  from  one  type  of  time— dependent  behaviour  to 
another  is  of  particular  interest  for  constrained  rock 
structures  such  as  underground  openings  where  the 
interaction  between  elements  strained  to  different  levels  is 
important  and  portions  of  the  rock  are  stressed  beyond  their 


capac i ty « 
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In  order  to  separate  zones  of  typical  behaviour,  it  is 
first  of  all  necessary  to  decide  whether  the  coal  has  a 
stable  zone  below  a  current  Ion?- term  strength  or  not#  If  a 
current  long-term  strength  exists*  terminating,  creep  or 
repeated  relaxation  and  finite  yield  should  be  measured  at 
stress  levels  below  this  current  long-term  strength#  As 
indicated  earlier  many  authors  represented  coal  by  a  Burgers 
model*  a  fluid  with  no  current  long-term  strength#  Using  the 
data  given  by  Kldybinski  (1966)*  which  is  comparable  with 
parameters  given  by  others  and  which  predicts  the  relaxation 
during  multiple-stage  repeated  relaxation  tests  at  low 
stress  levels  reasonably  well*  a  minimum  creep  rate  of 
approximately  10~5%/hr  under  a  stress  of  1  MPa  would  be 
reached  after  more  than  250  hours#  The  dally  relaxation  at 
this  time  would  be  less  than  about  0#024%/day»  values  well 
below  the  limits  of  the  test  accuracy#  Most  of  the  repeated 
relaxation  tests  at  low  stress  levels  were  extended  over  a 
period  of  five  days  and  showed  stress  drops  in  the  order  of 
a  few  percent#  These  drops  are  dominated  by  the  Kelvin 
element  and  coal  therefore  behaves  initially  like  a  viscous 
solid#  Kidybinski1 s  tests  indicated  an  asymptotic  long-term 
strength  of  approximately  50%  of  the  short-term  strength 
after  a  test  period  of  1550  hours#  Considering  this 
information*  it  is  impossible  to  determine  whether  a  test  is 


conducted  below 


or 


above  the  long-term  strength  by 


extrapolation  from  one— day  relaxation  tests  or  five  repeated 
relaxation  tests  at  one  stage#  However,  if  tests  are 


. 
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conducted  above  the  current  long-term  strength,  a  "constant" 
or  increasing  stress  drop  per  unit  time  or  a  "constant"  or 
Increasing  creep  rate  is  measured  alter  an  initial  decrease. 
If  a  current  long-term  strength  exists,  these  rates  will 
decrease  as  the  stress  level  approaches  the  current 
long-term  strength  and  vanish  at  the  current  long-term 
strength.  It  is  therefore  evident  from  the  test  results  that 
a  current  long-term  strength  exists  and  that  relaxation  and 
creep  must  terminate  at  stress  levels  below  the  current 
long-term  strength.  This  assumption  is  only  supported  by 
data  within  comparable  time  intervals  and  an  extrapolation 
to  geologic  time  scales  is  not  permissible. 

The  normalized  dsviatoric  stress  is  plotted  in  Figures 
3.16;  3.26,  3.27,  3.31  and  3.32  against  the  logarithm  of 
time.  A  linear  relationship  without  termination  is  evident 
even  in  relaxation  tests  over  an  extended  period  of  100 
hours.  The  non-linearity  in  Figure  3.27  can  most  likely  be 
attributed  to  temperature  effects.  The  same  is  valid  for  the 
bi— linear  relationship  indicated  in  Figure  3.31.  Comparable 
trends  can  be  observed  in  accumulated  strain  versus  time 
plots  (e.g.  Figure  3.4)  which  indicate  continuously 
decreasing  strain  accumulation.  While  neither  set  of  data 
proves  termination,  the  assumption  of  termination  is 
strongly  supported  by  the  linear  relationship  between 
normalized  stress  drop  and  vertical  strain  e*  and  a  definite 
trend  (  indicated  by  dashed  lines)  towards  a  maximum  e*.  The 


Figures  3.18  (curves  1  to  4),  3.28  (curves  1  to  4  (or  6)), 
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3.29  (curves  1  and  2)  and  3.33  (curves  1  and  2)  Illustrate 
this  point. 

During  test  CTR— 2A,  the  sample  was  unloaded  after  stage 
nine  and  no  relaxation  was  measured  over  a  period  of  several 
days.  The  confining  pressure  was  decreased  in  steps 
resulting  in  a  stepwise  decrease  in  D{pg.g.  No  relaxation  was 
observed  until  the  stress  ratio  reached  about  0.92  (Figure 
3.22).  This  behaviour  is  only  possible  If  the  sample  had 
been  loaded  to  a  stress  level  below  the  current  long-term 
strength.  The  existence  of  a  current  long-term  strength  is 
further  supported  by  the  data  shown  in  Figure  3.23  where 
stages  11  and  19  show  continuously  decreasing  and  stages  14 
and  20  constant  stress  drops.  The  current  long-term  strength 
is  therefore  higher  than  0.90  Dgig.$  and  most  likely 
approximately  0.92  Dipg#  •  Additional  support  is  given  by  the 
data  shown  in  Figure  3.35  where  an  increase  in  confining 
pressure  resulted  in  an  immediate  decrease  in  stress  drop 
and  only  above  a  stress  ratio  of  0.94  was  Increased 
relaxation  measured.  Figure  3.31  shows  the  corresponding 
data  in  a  normalized  devlatioric  stress  versus  logarithm  of 
time  plot.  The  stress  drop  at  unit  time  »  time  to  ( Lacerda 
and  Hous ton(  1973  )  )  »  decreases  with  increasing  confining 
pressure  as  well  as  with  the  number  of  relaxations 
undertaken  at  the  same  stage.  The  slope  of  the  stress  drop 
versus  logarithm  of  time  curve  remains  constant  until  it 
decreases  after  a  confining  pressure  increase  of  more  than 


4 %  and  becomes  almost  zero  at  confining  pressures  8  to  10% 


‘ 


... 


133 


above  the  original  stress  level*  At  this  stage  an  initial 
stress  drop,  which  is  most  likely  due  to  the  testing  system 
relaxation*  is  followed  by  an  extremely  small  relaxation* 

3*5*2  Schematic  Stress-Strain  Diagram  for  Sock 

Based  on  the  assumption  that  a  current  long-term 
strength  exists  a  schematic  stress-strain  diagram  has  been 
developed  in  Figure  3*37  •  Three  zones  can  be  identified* 
Zone  A  is  characterized  by  a  decreasing  stress  drop  during 
repeated  relaxations  (or  creep  rate)  if  loaded  to  stress 
levels  below  the  peak  long-term  strength  (point  (a)  on 
e=0— curve)*  Above  this  level*  the  strain  will  accumulate 
until  the  limit  a— a  is  reached  at  which  the  available 
resistance  begins  to  change*  Zone  B  is  a  rate— dependent 
yield  or  visco— plastic  zone  with  strain— dependent  upper  and 
lower  boundaries  (  current  available  strength  and  current 
long-term  strength)*  The  ratio  between  the  current  long-term 
strength  and  current  available  strength  ( Dipio/D®&5  ) 
increases  and  it  is  expected  that  this  ratio  becomes  unity 
at  large  strains  where  both  limits  coincide*  Highly  strained 
rock  would  behave  like  a  visco— plastic  material  and  the 
ultimate  strength  would  be  t ime— independent •  This  point  was 
not  proven  since  the  maximum  strain  was  limited*  Lines  of 
equal  creep  rate  or  stress  drop  per  unit  time  can  be  found 
between  these  limits*  Constant  stress  tests  or  repeated 
relaxation  from  a  constant  stress  level  will  lead  to 
relaxation  or  creep  rate  increases  and  to  failure  as  these 


Deviatoric  Stress 
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Figure  3  •  37  Schematic  Stress-Strain  Di agrara  of  Rock 
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lines  are  crossed  and  the  current  available  strength  is 
reached*  Similarly!  a  s tress— strain  path  crossing  lines  of 
constant  strain  rate  in  descending  order  will  approach  the 
current  long-term  strength*  Zone  C  is  a  transition  zone 
whose  extent  depends  upon  the  ductility  of  the  rock*  The 
behaviour  in  this  zone  is  a  function  of  the  available 
strength  which  may  increase,  remain  constant  or  change 
instantaneously*  If  the  current  available  strength  decreases 
continuously  zone  B  is  reached*  For  brittle  materials  the 
two  limits  a-a  and  b-b  coincide  and  the  transition  zone  is 
non-existent*  Failure  is  reached  if  the  current  available 
strength  drops  below  a  given  stress  level  by  either 
instantaneous  strength  loss  due  to  structural  change  or 
gradual  strength  loss  during  strain-weakening*  The  tertiary 
creep  stage,  accelerating  deformation  stage  or  failure 
initiation,  is  reached  as  soon  as  lines  of  equal  strain  rate 
are  crossed  in  ascending  order*  The  inelastic  strain  e^f  at 
this  point,  where  the  first  significant  stress  drop  increase 
was  observed,  is  given  in  Table  3*2*  It  varied  between  0*05% 
in  sample  TR— 1A  and  0*26%  in  CTR— 2D* 

Kranz  and  Scholz(1977)  suggested  that  the  Inelastic 
volumetric  strain  at  the  onset  of  tertiary  creep  should  be  a 
constant  critical  value*  A  direct  comparison  with  their 
results  is  not  possible*  Kranz  and  Scholz  tested  intact  rock 
(granite  and  quarzite)  and  measured  the  volume  change, 
whereas  in  the  tests  presented  here,  only  the  vertical 
strain  during  failure  of  a  jointed  rock  was  measured*  If  it 
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can  be  assumed  that  straining  of  a  joint  is  directly  related 
to  volume  change  of  a  sheared  joint,  a  similar  relationship 
between  inelastic  vertical  strain  and  onset  of  failure  would 
be  expected.  The  reported  inelastic  strain  at  failure 
initiation  is  not  constant  and  varies  within  a  wide  range* 
The  writer  believes  that  the  inelastic  strain  at  failure  and 
failure  initiation  Is  a  function  of  the  present  rock 
structure*  This  structure  varies  from  sample  to  sample  and 
as  a  function  of  the  loading  history*  It  is  therefore  not 
surprising  that  there  is  no  direct  correlation*  The  same  is 
to  be  expected  for  a  rock  mass  where  the  failure  is 
controlled  by  the  structure  within  the  overstressed  zone* 

3*5*  2. 1  Behaviour  in  Zone  A  (below  peak  long-term  strength) 
At  stress  levels  below  the  current  long-term  strength, 
1 1  nre— dependent  deformation  terminates*  The  deformation 

contains  both  recoverable  and  irrecoverable  components,  and, 
in  the  case  of  repeated  relaxation  testing,  yields  a 
continuous  decrease  of  stress  drop  per  unit  time  tending 
towards  zero  stress  drop  at  a  finite  inelastic  strain  et  as 
illustrated  by  curves  1  to  5  in  Figure  3*18,  1  to  6  in 

Figure  3*28,  12  and  13  In  Figure  3*29,  and  curves  1  and  2  in 
Figure  3*33*  The  expected  trend  is  indicated  by  the  dashed 
lines*  The  exact  amount  of  irrecoverable  strain  would  have 
to  be  determined  from  unloading  and  recovery  tests  but 
yielding  may  be  observed  in  the  figures  mentioned  above*  The 
increasing  separation  between  the  curves  connecting  points 
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of  normalized  stress  drop  during  one  stage  of  a 
multiple-stage  repeated  relaxation  test  and  the  increasing 
curvature  indicates  that  more  inelastic  strain  is 
accumulated  during  similar  loading  history  but  increased 
stress  levels*  It  has  to  be  recognized  that  this  separation 
includes  recoverable,  stress-dependent  strain  and  depends  on 
the  estimated  slope  of  the  fast  loading  curve*  An  over  — 


estimation  of  the 

short-term 

stiffness 

would 

lead  to  a 

linear  increase 

of  this 

separation 

with 

stress*  A 

corresponding  behaviour  was  found  during  reloading  tests 
(e*g*  stages  12  and  13  in  Figure  3*29)* 

The  near  parallelism  of  these  curves  reveals  that  the 
relaxation  response  dpring  this  mode  is  essentially 
independent  of  the  irrecoverable  strain  accumulated  prior  to 
the  particular  loading  stage,  even  though  this  strain  is 
increasing  throughout  the  test*  An  attempt  was  made  to 
analyse  the  prefailure  stages  of  sample  CTR— 2D  by  fitting  a 
relationship  similar  to  the  one  suggested  by  Lacerda  and 
Houston  (1973)  to  the  data  from  each  relaxation  test 
(  Hungr  (  1977)  )•  It  was  found  that  relaxation  tests  starting 
from  parallel  linear  stress  strain  curves  showed  the  same 
t ime— dependent  response  at  least  up  to  stage  5( CTR— 2D)* 
These  lines  were  inclined  at  a  lower  angle  than  the  fast 
loading  curve*  The  slope  would  have  to  be  equal  to  the 
long-term  stiffness  because  of  the  parallelism*  This 
predicts  a  tl me— de pendent  behaviour  independent  of  stress 
level  and  stress  increment  but  dependent  on  the  strain 
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remaining  -to  the  long-term  s tre ss— st r ai n  curve*  Even  though 
the  analysis  showed  good  correlation  with  correlation 
coefficients  ranging  from  0*85  to  0*99  this  approach  proved 
not  entirely  satisfactory  because  of  the  difficulty  in 
selecting  the  correct  origin  of  the  time  axis* 

Similar  to  the  problem  of  strain  recovery  in 
multiple-stage  creep  as  indicated  in  Figure  3*9  there  might 
be  full  or  partial  stress  recovery  between  relaxation  tests* 
Therefore,  the  stress  measured  at  the  beginning  of  a 
relaxation  test  is  only  the  true  Do  if  the  test  is  started 
from  the  instantaneous  loading  curve  after  full  recovery  in 
multi  pie— stage  tests*  This  means  that  functions  were  fitted 
through  data  without  knowing  the  exact  location  of  the 
origin  of  the  coordinate  system*  Nevertheless,  this  suggests 
that  the  t ime— dependent  deformation  of  coal  at  stresses 
below  the  current  long-term  strength  can  be  expressed  simply 
by  relating  it  to  the  remaining  time— dependent  deformation 
or  the  distance  from  the  long-term  stress— strain  curve*  The 
more  detailed  investigation  of  the  ti me— dependent  prefailure 
behaviour  by  means  of  multi  pie— s tag e  creep  tests  on  the  same 
coal,  conducted  by  da  Fontoura(  1980 )  ,  supports  the  view 

that  the  creep  relations  are  independent  of  the  accumulated 
strain* 

It  is  not  the  purpose  of  this  work  to  develop 
rheological  models  for  this  coal  but  it  is  of  interest  to 

check  the  data  against  the  available  models*  Since  not 

\ 

enough  data  was  collected  to  determine  the  parameters  for 
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the  Burgers  model  and  due  to  the  fact  that  both  Kidyblnskl 
(1966)  and  Morlier  (1964)  determined  very  similar  parameters 
for  coals  completely  different  in  origin*  average  parameters 
from  these  two  publications  were  used*  The  relaxation 
behaviour  during  the  first  three  stages  was  calculated  by 
linear  superposition  (Boltzmann's  principle)*  Good  agreement 
with  the  measured  data  was  found  in  the  shape  of  daily 
stress— drop  versus  time  as  well  as  in  magnitude  of  the 

relaxation  after  each  relaxation  test  with  the  exception  of 

/ 

the  first  increment  of  each  stage*  This  deviation  of  the 
first  relaxation  test  on  each  stage  was  also  detected  by 
Hungr  (1977)  and  can  be  attributed  to  an  additional  initial 
relaxation  in  the  gear  box  of  the  testing  machine  after 
major  straining  to  a  new  load  increment*  The  shape  of  each 
relaxation  curve  was  found  to  be  linear  in  the  stress  drop 
versus  logarithm  of  time  plot  which  indicates  that  a  Burgers 
model  is  an  oversimplification  and  that  a  model  with  a 
number  of  Kelvin  models  in  series  and  a  certain  retardation 
spectrum  ( Terry(  1956  )  )  would  have  to  be  used  to  describe 
the  coal  accurately*  The  most  important  point,  mainly  for 
the  interpretation  of  the  model  test  data,  is  that  the 
behaviour  in  the  prefailure  range,  well  below  the  long-term 
peak  strength  can  be  predicted  by  linear  superposition  since 
the  coal  behaves  like  a  linear  visco— elastic  material* 


3  *5  *  2  *  2  Behaviour  in  Zone  B  (near  ultimate  strength) 
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Tests 


are 


conducted 


"near  ultimate  strength"  if  a 


strength  loss  can  be  achieved  only  during  extensive 
straining*  The  behaviour  in  this  zone  is  evaluated  first 
because  of  the  strain  independence*  Two  major  factors  will 
be  discussed  besides  the  general  behaviour  in  this  zone;  the 
effects  of  repeated  loading  with  variable  time— delays  in 
between  loadings,  and  the  effects  of  confining  pressure 
changes • 

(a)  Slow  versus  fast  repeated  loading: 

From  the  brief  test  with  enforced  loading  and  unloading 
(Figure  3*17)  it  appears  that  the  rate  of  deformation  or 
strain  accumulation  in  Zone  B  is  directly  related  to  the 
locally  concentrated  stress  causing  failure  of  asperities  or 
extension  of  cracks  and  the  time  period  over  which  this 
stress  is  acting*  Straining  of  this  brittle  coal  is  only 
possible  if  cracks  or  fractures  extend  and  relative 
displacement  along  the  crack  planes  occurs*  Crack 

initiation}  crack  propagation*  and  crack  propagation 
velocities  are  controlled  by  the  stress  concentrations  at 
the  crack  tips*  Each  loading  cycle  induces  stress 

concentrations  high  enough  to  cause  crack  extension*  In  the 
case  of  fast  cycling  the  time  over  which  high  stress 
concentrations  are  maintained  is  small*  and  the  accumulated 
strain,  proportional  to  the  product  of  time  and  crack 
velocity,  is  also  small*  On  the  other  hand,  during  repeated 

relaxation  tiie  product  between  time  and  crack  velocity  is 

\ 

larger  since  the  stress  drops  slowly  during  relaxation  as  a 
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function  of  crack  extension*  This  results  in  higher 
accumulated  strains  and  therefore  leads  to  failure  in  fewer 
load  cycles* 

If  these  stress  concentrations  diminish  due  to 
redistribution  or  other  factors,  strain  accumulation 
decreases  and  the  stable  zone  is  entered*  This  happens 
during  a  relaxation  test  and  as  a  consequence  the  stress  at 
the  end  of  a  relaxation  test  is  below  the  current  long-term 
strength*  Figure  3*35  shows  a  series  of  curves  predicted  by 
extrapolation  which  illustrate  this  point  clearly*  It  was 
assumed  that  normalized  deviatoric  stress  versus  logarithm 
of  time  could  be  extrapolated  linearly  from  Figure  3*31* 
During  repeated  relaxation  tests  the  stress  drop  per  unit 
time  has  to  decrease  in  the  stable  zone  and  increase  or  be 
at  least  constant  in  the  unstable  Zone  B* 

(b)  Zone  B  as  a  rat e— dependent  visco— plastic  zone? 

This  sub— title  is  formulated  as  a  question  in 
anticipation  of  the  conclusions  drawn  from  the  following 
discussion*  Because  of  the  novelty  of  the  test  procedure  and 
the  complexity  of  the  test  data  presentation,  it  Is  more 
convenient  to  di scuss  the  data  in  the  light  of  the 
conclusions  rather  than  in  general  terms*  The  diagrams  with 
stress  ratio  on  one  axis  and  the  normalized  stress  drop  on 
the  other  (e*g*  Figure  3*21)  are  used  for  this  purpose*  A 
general  discussion  and  illustration  of  ideal  materials  has 
been  given  in  section  3*3*  Comparable  stages  of  repeated 


relaxation  tests  are  normally  summarized  on  the  same  diagram 
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and  the  stress  drop  after  half  a  day  and  one  day  are 
indicated  by  empty  and  full  dries  respectively*  The 
dependence  of  Zone  B  on  strain  will  be  discussed  later* 

A  comparison  of  the  schematic  diagram  in  Figure  3*11 
and  the  Figures  3*21,  3*22  and  3*23  for  sample  CTR— 2A  or 

3*35  and  3*36  for  sample  CTR— 2F  shows  a  remarkable 
similarity  indicating  that  the  coal  behaves  like  a 
v isco— plas ti c  material  when  strained  beyond  a  certain  stress 
level  DgiiQ*  Before  each  figure  is  examined  individually  and 
in  detail  it  is  necessary  to  consider  certain  factors  which 
could  affect  the  behaviour* 

Measurements  of  stress  level  or  stress  drop  are 
normalized  to  the  current  available  strength*  a 

parameter  which  has  to  be  determined  by  interpolation* 
is  therefore  relatively  inaccurate,  particularly  if  the 
stre ss— s tr a in  curve  is  discontinuous  or  strongly  curved* 
Linear  interpolation  between  known  values  was  normally  used* 
It  is  necessary  to  normalize  these  parameters  for  comparison 
to  either  the  upper  or  lower  boundary  of  the  Zone  B*  The 
upper  boundary  was  selected  because  of  two  reasons:  (a)  the 
upper  boundary,  the  current  available  strength,  can  be 
determined  quickly  by  fast  straining  and  Cb)  one  aim  of  this 
thesis  is  to  define  and  find  the  lower  boundary  Dgiic,  the 
current  long-term  strength*  The  advantage  of  this  diagram  is 
that  for  a  visco-plastic  material,  the  measured  data  at  a 

constant  time  increment  should  fall  on  a  straight  line  and 

\ 

the  slope  of  this  line  should  be  45°  at  a  time  interval 
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equal  to  infinity#  Lines  for  constant  time  increments  should 
intersect  the  abscissa  at  a  stress  ratio  Do/Dg?$jc  equal  to 
o/Dipg-jf  ,  at  the  current  long-term  strength  ratio# 

Inaccuracies  in  the  determination  of  Dfp&x  affect  the 
magnitude  of  the  stress  ratio  much  more  than  the  normalized 
stress  drop#  This  means  that  points  calculated  with  an 


o veres tima ted 

dips* 

a  re 

plot  ted 

too  low 

or , 

if 

unde res  tima ted, 

too 

high# 

For 

example,  an 

init 

1  a  1 

underes  timat ion 

of  Djp§.3£ 

wou  Id 

lead  to 

curves  shaped 

like 

the 

ones  plotted  on 

Figure 

3.34  ( 

but  this 

is  not  the  reason 

f  o  r 

the  curvature  in  this  figure)#  The  major  two  reasons  for 
underestimation  of  are  (a)  the  difference  between  the 

static  and  dynamic  friction  and  (b)  the  possibility  of 
over— closure  or  interlocking#  Both  mechanisms  lead  to  a 
local  peak  strength,  an  additional  resistance  above  the 
current  available  strength#  A  different  response  would  be 
expected  for  stress  level  increases  approaching  the 
visco-plastic  zone  than  for  stress  level  decreases 

approaching  the  current  long-term  strength  from  inside  the 
vi sco— plas ti c  zone#  These  mechanisms  might  explain  the 

non-linear  shape  of  stage  10  in  sample  CTR— 2A  (Figure  3*22), 
but  in  general  no  clear  evidence  can  be  found  in  the  data  to 
support  thisr  process#  could  have  been  overestimated  if 

the  stress— strain  curve  was  strongly  non-linear  or 

dl scontinuous# 

Depending  on  the  stress  history,  the  observed 

\ 

relaxation  is  a  combination  of  relaxation  due  to  the 
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visco— elastic  and  the  visco-plastic  element*  The  effects  of 
this  factor  were  illustrated  in  Figure  3*11  for  ideal 
materials*  Only  if  the  time-dependent  deformation  from  the 
stable  portion  has  terminated*  as  in  the  case  of  incremental 
loading  with  extensive  repeated  relaxation  tests*  can  the 
pure  vi sco— plast i c  behaviour  be  observed*  Particularly  close 
to  the  current  long-term  strength  decreasing  stress  drops 
are  often  observed  due  to  the  superposition  of  vi sc o— elas ti c 
and  visco-plastic  rock  properties*  As  long  as  the  stress 
drop  per  unit  time  decreases*  the  current  long-term  strength 
is  either  higher  than  the  stress  level  or  the  terminating 
deformation  has  not  yet  stopped*  In  the  first  case*  the 
abscissa  will  be  reached  eventually  and  in  the  second  case, 
a  constant  stress  drop  value  will  be  approached  from  the 
right  side  (see  stages  11*  19  and  in  Figure  3*23)*  The 
terminating  portion  is  small  and  can  be  neglected  after  a 
few  stages  of  repeated  relaxation  within  the  visco-plastic 
zone  • 

Machine  relaxation  is  another  factor  which  could  affect 
data*  It  was  not  possible  to  correct  the  data  for  the 
machine  related  stress  drop  as  discussed  earlier*  but  it  can 
be  assumed  to  be  constant  for  each  relaxation  during  testing 
within  the  visco-plastic  zone*  The  stress  level  and  the 
amount  of  straining  between  increments  is  more  or  less 
constant  and  aT-1  data  points  would  therefore  be  shifted  to 
the  left  by  a  constant  amount. 

During  repeated  relaxation  tests*  strain  accumulation 
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results  in  a  decrease  in  Dgigg*  If  it  is  assumed  that  Do  is 
kept  constant  and  repeated  relaxations  are  conducted  to 
failure,  decreases  continuously  and  lines  of  constant 

stress  drop  are  crossed*  Transformed  into  the  stress  ratio 
versus  normalized  stress  drop  diagram  this  means  that  the 
curves  for  constant  relaxation  time  increments  should 
theoretically  (  visco-plastic  material)  be  linear  and 
intersect  the  abscissa  at  the  long-term  strength  ratio 
Such  test  data  are  given  in  Figure  3*34  for  stage 
four  in  Test  CTR-2F*  Possible  reasons  for  the  non-linearity 
were  discussed  earlier*  It  was  possible  to  illustrate  the 
linearity  of  such  curves  when  the  straining  was  kept  low  and 
Dipg.^  was  reduced  by  lowering  the  confining  pressure  (e«g* 
Figures  3*35  and  3*36)* 

The  width  of  Zone  B  should  decrease  with  increasing 
strain  and  eventually  disappear*  As  a  result  Djpip  would 
approach  Dqiq:$  and  data  would  be  displaced  parallel  to  a 
45°-line  towards  the  upper  left  corner  of  the  stress  ratio 
versus  normalized  stress  drop  diagram*  This  trend  can  be 
observed  by  comparison  of  Figures  3*35  and  3*36  where  an 
estimated  D^p  decreases  from  about  7%  to  5%  Cgj§.£*  These 
data  were  observed  relatively  close  to  the  peak  strength 
where  a  relatively  rapid  decrease  in  strength  and  extent  of 
Zone  B  would  be  expected*  A  similar  trend  can  be  observed  in 
Figure  3*23  but  it  is  not  consistent,  possibly  because  of 

other  more  dominating  factors*  These  data  were  collected  in 

\ 

Zone  B  where  almost  no  strength  loss  occurred*  The 


' 


146 


estimation  of  Dg»§  3:  was  difficult  due  to  local  Dj increases 
and  the  change  in  zone  width  would  be  expected  to  be  small 
except  if  strained  extensively* 

Zone  B  can  be  crossed  by  single  relaxation,  by  repeated 
relaxation  from  a  constant  stress  level,  or  by  reduction  in 
confining  pressure*  This  latter  path  was  studied  at  two 
locations  in  Zone  B* 

(c)  Effects  of  confining  pressure  changes: 

1*  Stage  10,  sample  CTR— 2A:  the  sample  was  unloaded  after 
stage  9  and  partially  reloaded  (Figure  3*14)*  The 
confining  pressure  was  decreased  in  steps  and  repeated 
relaxation  tests  were  started  as  soon  as  a  stress  drop 
was  measured*  The  data  is  summarized  in  Figure  3*23* 

2*  Stages  8  and  9,  sample  CTR— 2F:  a  series  of  normal 
repeated  relaxation  tests  at  stage  8  was  followed  by  an 
instant  confining  pressure  increase  of  10%  and  a 
stepwise  decrease  to  the  original  pressure*  The  data  is 
shown  in  Figure  3*35*  After  the  confining  pressure  was 
increased  by  20%  the  sample  was  loaded  into  Zone  B  and 
repeated  relaxations  at  119%  and  118%  confining  pressure 
lead  to  failure*  The  data,  during  stepwise  relaxation  to 
the  original  confining  pressure,  is  summarized  in  Figure 
3*36* 

With  this  background  information  it  is  now  possible  to 
discuss  each  Figure,  compare  them  and.  illustrate  that  Zone  B 
can  be  considered  as  a  visco-plastic  zone* 


Sample  CTR-2A 


—  ■* 
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Repeated  relaxation  tests  at  three  stages  cross  Zone  B 
during  strain  accumulation#  Figure  3*21  shows  three  almost 
identical  curves#  Stage  7  was  initially  below  the  reloading 
peak  and  decreasing  relaxation  resulted  in  points  converging 
towards  the  lines  indicating  vi sco— plastic  behaviour# 
Similarity  with  ideal  visco— plasti c  materials  is  obvious#  A 
Dffio  of  less  than  0*92  Dfigijf  was  estimated  by  drawing  a  line 
through  the  data  with  a  slope  greater  than  45°  ( since  the 
relaxation  is  measured  after  one  day)#  The  extent  of  Zone  B 
seems  constant  over  the  limited  strain  range# 

Figure  3#22  contains  data  from  confining  pressure 
reduction  tests  at  stage  10#  No  relaxation  was  observed  up 
to  0*92  giving  a  lower  bound  for  the  current  long-term 

strength#  The  two  points  in  brackets  are  data  points  from  a 
single  relaxation  test#  The  non-linearity,  mainly  the  small 
stress  drop  at  0#64  and  0#63%  of  the  original  confining 
pressure,  can  most  likely  be  attributed  to  the  phenomenon  of 
over— closure#  The  sample  did  not  relax  significantly  until 
the  additional  resistance  due  to  interlock  or  increased 
adhesion  was  overcome#  This  argument  is  supported  by  the 
data  in  Figure  3# 35#  Over— closure  could  not  occur  during 
this  test  because  of  the  opposite  stress  path#  The  confining 
pressure  was  increased  until  relaxation  vanished#  It  was 
also  observed  that  a  higher  percentage  of  the  total  one-day 
stress  drop  occurred  during  the  first  twelve  hours  at  the 

highest  two  stress  levels  (0#62  and  0#61%  of  the  original 

\ 

confining  pressure)#  This 


indicates  that  these  points  are 
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closer  to  the  current  long-term  strength*  after  one  day  of 
relaxation*  than  the  others  after  the  same  time.  Djpic 
estimated  from  this  figure  is  0.92  Djpgj*  slightly  higher 
than  estimated  from  Figure  3.21.  No  conclusions  should  be 
drawn  from  this  fact  since  stages  8  and  9  were  started  from 
stress  levels  significantly  higher  than  the  current 
long-term  strength  which  had  to  be  determined  by 
extrapolation. 

Figure  3.23  contains  a  large  number  of  stages  from  a 
zone  with  almost  constant  strength.  Reloading  was  necessary 
after  stage  19  because  of  an  accidental  loss  of  confining 
pressure.  Corresponding  stages  11  and  12*  and  19  and  20  show 
decreasing  relaxation  and  converge  towards  the  abscissa 
(stages  11  and  19)  or  towards  a  finite  stress  drop  (stages 
12  and  20).  The  current  long-term  strength  has  to  lay  in 
between  these  two  stress  levels.  All  other  stages  show  a 
more  or  less  constant  stress  drop  per  unit  time.  In  the 
first  section  (  stages  13  to  18)*  the  first  three  stages  13* 
14  and  15  fall  on  a  line  intersecting  the  abscissa  at  about 
=  0.915  and  stages  16*  17  and  18  fall  on  a  line 

intersecting  at  approximately  0.93  OffaS*  In  the  second 
section  (stages  20  and  21  to  24)  all  stages  fall  on  a  line 
intersecting  at  about  0.91  Djpgjf.  The  estimated  current 
long-term  strength  is  0.92  ±0.01%  Djpg,£.  Even  though  the  data 
are  scattered  over  a  wide  range  this  figure  supports  the 
working  hypothesis  of  the  existence  of  a  visco— plastic  zone. 


This  scatter  can  be  explained  by  the  factors  discussed 


... 
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earlier. 


Sample  CTR—2F: 


Figure  3.34  summarizes  data  from  comparable  stages. 
Figure  3.30  gives  the  loading  history.  All  stages  were 
started  after  the  stress  level  was  lowered  end  in  an  area 
where  a  significant  non— linear  strength  drop  has  to  be 
assumed.  It  was  difficult  to  estimate  Dgig  £  and  the 
calculated  stres-s  ratios  are  somewhat  questionable.  Failure 
during  stage  4  occurred  due  to  strain— weaken Ing.  The 
non-linearity  in  Figure  3.34  can  be  explained  by  the 


curvature  of  the  current  long-term  strength  curve* 


I  f 


repeated  relaxation  is  undertaken  through  the  peak  strength* 
the  current  long-term  strength  starts  to  drop  gradually  and 
levels  off  after  a  maximum  post-peak  slope  is  passed.  If 
relaxation  tests  are  started  from  a  constant  stress  level 
the  stress  drop  will  increase  according  to  the  stress 
difference  to  the  current  long-term  strength  and  result  in  a 
non-linear  curve.  Test  at  stages  5  to  7  were  undertaken 
within  a  transition  zone.  At  stage  8*  where  the  current 
long-term  strength  shows  less  curvature,  this  non-linear 
behaviour  disappears  gradually. 

The  first  12  relaxations  of  stage  8  are  Included  in 
both  Figures  3.34  and  3.35.  After  a  series  of  repeated 
relaxation  tests,  the  confining  pressure  was  changed  as 
indicated  in  Figure  3.35.  Figure  3.31  shows  the  normalized 


deviatorlc  stress  versus  logarithm  of  time  of  the  individual 


relaxation 


curves.  An  almost  perfect  linear  relationship  is 


• 
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observed  which  supports  the  assumption  of  a  visco-plastic 
zone*  The  devlatorlc  stress  versus  logarithm  of  time  curves 
were  used  to  predict  (by  linear  extrapolation)  the 
relaxation  after  100,  1000,  and  10,000  hours*  These 
predicted  curves  are  included  in  Figure  3*35*  The  non— linear 
shape  supports  first  of  all  the  earlier  statement  that 
relaxation  close  to  the  current  long-term  strength  will 
terminate  at  t7ie  current  long-term  strength  and  that 
relaxation  from  high  stress  levels  can  cause  stress  drops 
below  the  current  long-term  strength*  These  predicted  curves 
show,  corresponding  to  the  assumed  linearity,  continuous 
relaxation  and  contradict  the  assumption  of  a  long-term 
strength*  Nevertheless,  the  definite  trend  towards  zero 
relaxation  near  a  long-term  strength  ratio  of  0*93  strongly 
supports  the  assumption  of  a  current  long-term  strength* 
Some  indication  of  termination  of  relaxation  can  although  be 
detected  in  Figure  3*31* 

Figure  3*36  again  confirms  the  existence  of  a 
visco— plastic  zone  and  it  can  be  seen,  by  comparison  with 
Figure  3*35,  that  the  extent  of  this  zone  decreases  with 
increasing  strain*  The  extent  of  Zone  B  dropped  from  about  7 
to  5%  of  D$§.$* 


3*  5*  2*  3  Behavior  in  the  Transition  Zone  C 

The  transition  from  terminating  creep  at  low  stress 
levels  to  the  vi sco— plas ti c  behaviour  in  the  strain  - 
weakening  range  is  best  discussed  by  reference  to  the 


‘ 
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idealization  in  Figure  3*37*  Above  the  long-term  peak 
strength,  the  strain  will  accumulate  until  the  limit  a— a  is 
reached  at  which  the  available  resistance  begins  to  change* 
It  is  understood  that  these  limits  may  not  be  as  abrupt  as 
indicated*  In  Zone  Bf  the  vi sco— plastic  behaviour  discussed 
previously  dominates  beyond  the  limit  b— b*  For  brittle 
materials  the  limits  a— a  and  b— b  coincide*  Zone  C  is  a 
transition  whose-  extent  depends  upon  the  ductility  of  the 
rock*  The  behaviour  in  this  zone  is  a  function  of  the 
available  strength*  If  this  strength  is  constant  for  a 
certain  strain  increment,  the  stress  drop  per  unit  time  in  a 
repeated  relaxation  test  will  also  be  constant*  If  creep 
tests  were  performed  at  the  stress  level  of  this  stage, 
decelerating  creep  would  be  observed  at  the  outset  with  a 
transi+lon  in+o  steady— state  creep*  In  most  rocks  the 
available  strength  is  not  constant  and  a  steady-state  creep 
stage  does  not  exist*  The  stress  drop  per  unit  time  during 
repeated  relaxation  tests  changes  di sc ont i nuously  if  the 
rock  strength  decreases  in  a  discontinuous  manner*  This  type 
of  deterioration  is  illustrated  by  the  limit  c— c  in  Figure 
3*37*  A  creep  test  would  display  a  transition  into  tertiary 
creep  at  this  limit*  The  details  of  the  behaviour  during  the 
transition  from  zone  A  to  zone  B  will  be  governed  by  the 
development  of  the  mlcrostruc ture  formed  by  crack 
propagation*  The  behaviour  in  the  transition  Zone  C  observed 
in  the  tests  is  illustrated  in  Figures  3*18*  3*28  and  3*33* 


These  figures  show  normalized  stress  drop  versus  devlatoric 
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stress  in  part  (a  )  and  versus  inelastic  strain  e*  in  part 
(b)*  Curve  6  in  Figure  3*18  and  curve  3  in  Figure  3.33 
display  brittle  behaviour  with  only  a  small  inelastic  strain 
increment  Se*  of  less  than  0*05%  separating  diminishing 
relaxation  per  unit  time  from  large  increases  in  the 
normalized  stress  drop*  Hence  the  transition  Zone  C  is 
narrow*  Curves  7  to  11  in  Figure  3*28  represent  the  more 
ductile  failure-  at  peak  strength  of  sample  CTR— 2D*  The 
extent  of  the  transition  Zone  C  is  about  0*4%  e*  and  the 
discontinuous  nature  of  the  failure  process  is  exhibited  by 
the  sudden  increase  in  stress  drop  per  unit  time  found 
during  &tage  9*  Figure  3*28*  and  similarly  during  stage  6» 
Figure  3*18*  In  the  more  ductile  transition  zone  of  sample 
CTR-2D,  almbst  constant  relaxation  corresponding  to 
secondary  creep  was  observed  at  stage  8  (Figure  3*28)  and  at 
stage  9  and  10  after  a  discontinuous  strength  loss*  This 
sample  would  have  entered  the  tertiary  creep  stage  after 
approximately  0*3%  inelastic  strain  and  would  have  failed  in 
a  creep  test  because  of  the  soft  loading  system*  During 
repeated  relaxation  tests  the  sample  does  not  fail*  A.  new 
rate  of  relaxation  corresponding  to  the  available  strength 
will  be  established  after  the  strength  loss  and  failure 
occurs  only  if  the  current  available  strength  drops  below 
the  stress  level  Do* 

Similar  behaviour  is  found  during  a  reloading  cycle  of 

the  same  sample  after  straining  beyond  the  peak  strength 

\ 

(see  Figures  3*19»  3*29  and  3*33  (stage  4))*  The  behaviour 
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in  these  areas  is  normally  more  ductile  and  the  transition 
zone  is  often  continuous  without  instant  strength  losses*  As 
indicated  in  Figure  3*29*  a  decrease  in  stress  level  causes 
e  reduced  relaxation  or  correspondingly  a  reduced  strain 
rate*  This  fact  in  combination  with  all  other  observations 
resulted  in  the  schematic  stress-strain  diagram  (Figure 
3*37)*  Lines  of  constant  strain  rate  or  lines  of  constant 
stress  drop  per  unit  time  are  indicated* 

The  data  of  stage  10,  sample  CTR— 2A,  are  presented  in 
Figure  3*20*  The  stepwise  decrease  in  confining  pressure 
causes  a  translation  of  the  lines  of  constant  relaxation  and 
less  strain  is  needed  to  reach  failure*  This  results  in  a 
contraction  of  the  strain  axis  and  a  stepwise  curve  with 
increasing,  but  almost  constant,  relaxation  per  confinement 
level • 


With  this  information  and  an  understanding  of  the 
behaviour  in  Zone  A,  C,  and  B  near  ultimate  strength,  it  is 
easy  to  connect  Zone  C  and  B  and  understand  the  behaviour  in 
the  strain-weakening  portion  of  the  visco-plastic  Zone  B* 
The  two  boundaries,  current  long-term  strength  and  the 
current  available  strength  as  well  as  the  lines  of  constant 
relaxation  or  creep  rate,  are  sloped  and  curved*  To  maintain 
a  constant  rate  of  deformation,  the  stress  level  has  to  be 
lowered  continuously*  Terminating  deformation  can  be 
expected  if  the  stress  drops  faster  and  below  the  current 
long-term  strength  curve*  Failure  occurs  if  the  stress 


decreases 


slower  and  the  current  available  strength  is 
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reached#  The  Zone  C  is  a  special  case  of  Zone  B« 


2^6 


Multiple-stage  repeated  relaxation  tests  constitute  an 


ef  f ec t i ve 


test  procedure  for  investigating  the 


ti me— dependent  behaviour  of  natural,  intact  or  discontinuous 
rocks#  The  test  procedure  is  too  time-consuming  for 
commercial  use  but  this  could  eventually  be  improved  by  a 
reduction  of  the  time  intervals#  Interpretation  has  to  be 
Improved  by  further  research#  Data  from  several  tests  on 
fractured  coal  have  been  reported  in  detail  and  it  is  seen 
that  such  tests  can  be  conducted  over  the  full  range  of 


behaviour,  prior  to  peak  strength 


through  the 


strain— weakening  zone,  and  close  to  the  ultimate  resistance# 
From  these  tests  a  consistent  pattern  of  time-dependent 
behaviour  has  been  identified#  In  particular,  decreasing 
stress  drops,  which  are  associated  with  decreasing  creep, 
characterize  the  time— dependent  response  if  the  long-term 
strength  curve  is  approached,  at  which  creep  terminates,  or 
if  the  transition  zone  is  approached  where  the  strength  of 
the  rock  begins  to  deteriorate#  At  these  stress  levels, 
above  the  peak  long-term  strength,  the  time-dependent 
behaviour  depends  upon  the  extent  of  the  transition  zone 
which  in  turn  is  a  function  of  the  microstructural  weakening 
process#  Within  the  strain— weakening  zone  and  towards  the 
ultimate  resistance,  the  ti me— dependent  behaviour  is 


dominated  by  the  rat e— dependent  available  shearing 


, 
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resistance  or  visco-plasticity*  This  implies  that  there  is  a 
possible  stress— stral n  path  along  which  the  rock  deforas  at 
a  constant  strain  rate,  or,  in  terms  of  repeated  relaxation 
tests,  shows  a  constant  stress  drop  per  unit  time*  This  does 
not  imply  that  a  constant  strain  rate  test  would  follow  this 
line*  The  available  shearing  resistance  declines  to  the 
ultimate  with  increasing  irrecoverable  strain*  The 
distinction  between  the  various  processes  governing  the 
ti me— dependent  behaviour  of  rock  is  important  and 
comprehensive  experimental  programs  will  be  needed  to 
characterize  them  in  more  detail* 

The  conclusions  from  this  chapter  are  summarized  and 
implemented  in  a  schematic  stress— strain  diagram  in  Figure 
3*37  and  the  most  Important  conclusions  are  summarized  and 
described  below*  The  schematic  stress— s train  diagram,  and 
therefore  the  conclusions,  are  based  on  the  assumption  of 


the  existence  of 


stable  zone  with  terminating 


t ime— dependent  deformation*  A  phenomenological  model  for 
rock  will  be  developed  on  the  bases  of  the  following 
conclusions  in  Chapter  4* 


1* 


current  long-term  strength  exists  below  which 


time-dependent  deformation  terminates*  This  conclusion 
should  not  be  extrapolated  to  far  beyond  a  time  interval 
comparable  to  the  test  duration; 

2*  A  current  available  strength  exists  as  an  upper  strength 


limit  which  constitutes  the  locus  of  strength  for 


Instant  loading; 


" 


Both  limits  are  stress-history-dependent,  ere  functions 


o  f 


the  current  structure  and  circumscribe 


time— dependent  failure  zone*  They  define  the  limits  of  a 
rate— dependent  failure  envelope*  Any  rock  strained  under 
any  s t ress—h i story  will  yield  between  these  current 
limits  and  a  change  in  rate  will  cause  a  shift  towards 
either  limit*  At  a  given  strain  the  extent  and  magnitude 
of  the  time-dependent  range  is  hi  story— dependen t • 

This  time— dependen t  zone  can  be  split  into  two  sections: 
Zone  A  where  any  stress  path  causes  intersection  of 
lines  of  constant  strain  rate,  or  constant  stress  drop 
per  unit  time,  in  descending  order,  and  Zones  B  and  C 
where  lines  of  constant  strain  rate,  or  constant  stress 
drop  per  unit  time,  are  intersected  in  descending  or 
ascending  order  or  followed  depending  on  the  stress 
path*  In  Zone  C  the  current  available  strength  may 
increase,  remain  constant  or  decrease  discont inuously 
whereas  it  decreases  continuously  in  Zone  B; 

The  data  reported  allows  one  to  separate  these  zones  and 
to  describe  the  ti me— dependent  behaviour  within  each 
one*  Within  Zones  B  and  C,  the  stress— hist ory— dependen t 
rock  structure  development  (fracture  process)  has  been 
tested*  In  this  research  program  only  one  rock  structure 
development  with  shear  failure  along  a  originally 
discontinuous  joint  under  low  confining  pressure  was 
investigated*  It  is  believed  that  the  process  studied  is 
representative  of  a  rock  mass  under  similar  confinement 


V 
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c  ondi +1 ons; 

6.  The  relationship  between  stress  drop  end  logarithm  of 
time  is  linear; 

For  Zone  A: 

7*  Finite  yielding  can  be  observed; 

8*  The  time-dependent  response  at  a  given  point  (e.g. 
stress  drop  per  unit  time)  could  be  predicted  by  linear 
/superposition.  It  was  found  ( Hungr(  1977  )  )  that  the 
relaxation  behaviour  at  low  stress  levels  was 
proportional  to  the  inelastic  strain  remaining  between 
the  current  state  and  the  long-term  stre ss— strai n  curve. 
This  is  consistent  with  the  behaviour  found  in  the  model 
tests  where  almost  Identical  curves  (with  constant  slope 
and  Intercept)  were  found  for  subsequent  creep  stages T 
when  logarithm  of  strain  rate  was  plotted  versus 
logarithm  of  time; 

9.  The  stress  drop  per  unit  time  during  mult i pie— stage 
repeated  relaxation  tests  did  not  terminate  in  zone  A 
above  the  long-term  peak  strength.  An  almost  steady 
state  was  reached  or  acceleration  led  to  failure.  This 
observation  allows  the  determination  of  the  long-term 
peak  strength  by  increasing  or  decreasing  stress  levels; 

For  Zones  B  and  C: 

10.  Above  the  current  long-term  strength  a  strain-dependent 


visco— plasti c 


zone 


exists 


wi thi n 


which  the 


t ime— dependent  deformation  behaviour  associated  with 

\ 

rock  structure  changes  can  be  related  to  the  stress 


' 
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difference  between  stress  level  and  current  available 
strength  or  current  long-term  strength; 

11*  A  transition  Zone  C  exists  where  the  available  strength 
Increase  is  reduced,  becomes  zero,  end  a  discontinuous 
loss  in  current  available  strength  occurs*  This  partial 
strength  loss  causes  acceleration  of  relaxation  or  creep 
but  may  not  lead  to  failure  imtnedia t ely •  This  zone  is 
/encountered  whenever  the  unstable  zone  is  entered  (e*g« 
reloading)  and  its  extent  depends  on  the  ductility  and 
total  accumulated  strain; 

12*  Near  peak  strength,  lines  of  constant  strain  rate  or 
constant  stress  drop  per  unit  time  are  convex.  They 


change  gradually  t 

o  concave  curves 

near  the 

ul timate 

strength* 

These 

lines  will 

be 

crossed 

during  a 

parti cular 

stress 

path  leading 

to 

f ai lure 

or  stable 

c  ond i t i ons* 

During 

a  creep  test 

these 

lines  are  crossed 

at  a  large  angle  near  peak  and  a  small  angle  near 
ultimate  strength*  As  a  result,  rapid  acceleration  leads 
to  failure  after  little  strain  near  peak  strength  and 
slow  acceleration  causes  collapse  after  extensive 
straining  near  ultimate  strength*  The  time  to  failure  is 
a  function  of  the  slope  of  these  lines  relative  to  the 
applied  stress  path  as  well  as  the  extent  of  the 
visco— plastic  zone*  As  in  any  visco— plastic  material  the 
yield  strain  accumulated  is  a  function  of  the  stress 
increment  applied  beyond  the  yield  stress  and  the  time 


this  stress  is  acting; 
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13.  The  behaviour  in  the  visco-plastic  zone  and  the  exfent 
of  this  zone  are  sensitive  to  such  processes  as 
over— closure  or  interlocking!  local  and  global  stress 
alteration  allowing  instant  structure  changes  and  any 
other  factor  which  causes  similar  effects  (e*g* 
weathering ) • 

Several  implications  follow  from  these  conclusions: 

1*  'If  rock  is  deformed  plastically  beyond  its  peak  strength 
under  a  given  stress— history ,  it  will  follow  a  curve 
between  the  current  available  strength  and  the  current 
long-term  strength*  Further*  if  the  system  is  statically 
determined  (no  stress  change  results  from  deformation) 
this  rock  cannot  fail  without  acceleration  in 
deformation  rate  and  before  the  time-dependent  zone 
vanishes*  The  deformation  in  a  creeping,  unconfined 
slope  must  accelerate  before  collapse  and  deform 
sufficiently  to  reduce  the  extent  of  the  vi sco— pla s ti c 
zone  • 

2*  A  rock  element  stressed  to  a  stress  level  Inside  the 
vi sco— plas ti c  zone  deforms  in  a  stable  or  unstable 
manner  depending  on  the  ratio  between  stress  change  and 
enforced  strain  change*  If  rock  is  unloaded  by  stress 
transfer  to  stiffer  zones,  the  current  long-term 

strength  is  approached  and  deformation  terminates*  On 
the  contrary,  if  a  yielding  element  is  loaded  or  the 
stress  reduction  is  not  sufficient,  the  current 


available  strength  will  be  approached,  the  deformation 
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rate  Increases  and  the  element  will  eventually  fail# 
This  process  is  affected  by  the  development  of  the 
confining  pressure#  Confined  slopes*  rock  pillars  and 
tunnel  faces  are  three  of  the  most  important  examples 
where  this  process  can  be  observed#  In  a  confined  slope* 
originally  overstressed  zones  deform  with  time  but  will 

be  unloaded  gradually  due  to  stress  transfer  to  the 

/ 

confining  boundaries#  Similar  processes  may  go  on  in 
unconfined  slopes  where  deformations  are  mobilized  in  a 
non— ho reogene ous  manner;  i#e«*  arching  within  the  slope 
mass#  In  a  pillar*  original  loading  causes  stress 
concentrations  near  the  pillar  walls  which  cause 
yielding  of  elements  with  low  confinement#  This  strength 
loss  causes  a  stress  transfer  to  the  center  of  the 
pillar#  This  process  of  unloading  near  the  walls  and 
loading  at  the  centre  Is  a  function  of  time#  Depending 
on  the  total  load  on  the  pillar  (which  may  also  be  a 
function  of  time)  and  the  ratio  between  load  and  overall 
strength  of  the  pillar,  this  process  may  lead  with  time 
to  a  stable,  but  almost  continuously  deforming*  or 
unstable  pillar#  At  the  tunnel  face,  or  in  general  at 
the  mining  face,  the  stresses  increase  during  excavation 
according  to  the  advance  rate  and  drop  in  between  face 
advances  due  to  stress  redistribution#  This  loading 
history  may  cause  an  element  to  be  stressed  into  the 
visco— plastic  zone  and  subsequently  to  be  unloaded 


causing  stabilisation,  constant  rate  of  deformation,  or 
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failure*  During  continued  advance  the  stress  range 
during  each  cycle  will  decrease  but  the  stress  level  and 
the  accumulated  strain  will  increase*  Due  to  the  convex 
shape  of  the  lines  of  constant  deformation  rate  near 
peak  this  process  may  be  more  catastrophic  near  peak 
strength  due  to  the  fact  that  the  same  stiffness 
relationships  may  lead  to  failure  near  peak  strength  and 
stable  conditions  near  ultimate  strength*  These 
processes  are  discussed  in  more  detail  in  Chapter  1  and 
supported  by  Cogan(1978)  • 

3*  The  existence  of  a  transition  zone  with  strength 
plateaux  indicates  that  an  instant  but  partial  loss  of 
current  available  strength  does  not  lead  to  immediate 
collapse*  A  stress  reduction  may  lead  to  a  stable 
condi t ion* 

The  fact  that  the  transition  zone  becomes  more 
ductile  with  increased  straining  combined  with  the 
assumption  (Mueller  and  Goetz(1973))  that  a  rockmass 
behaves  as  reloaded,  fractured  rock,  lead  to  the  view 
that  tectonically  deformed  and  largely  overstressed 
zones  behave  in  a  visco-plastic  manner  with  less 
pronounced  strain-weakening* 

4*  The  fact  that  the  post— failure  behaviour  is 

stress-history  dependent  has  implications  for  both,  the 
model  test  and  tunneling  in  real  rock  masses*  The 

development  of  a  plastic  Zone  will  be  rate— dependent  and 

\ 

both  the  time-independent  and  time-dependent 
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deformations  will  be  affected  by  the  stress-history.  For 
the  model  this  means  that  measured  deformations  cannot 
be  directly  compared  with  reality  since  the  loading  path 
is  different,  and  for  an  actual  tunnel  this  implies  that 
the  excavation  history  affects  the  development  and 
^extent  of  the  plastic  zone*  Consideration  of  the  final 
(limit  equi  l  ibr  iura )  state  only  may  lead  to  misleading 
results* 

5*  Since  the  vise o— plastic  zone  is  sensitive  to  stress 
changes  and  other  factors  affecting  rock  structure,  the 


following 

parameters 

have  an 

influence 

on 

the 

time— dependent  failure 

process! 

vibrations 

due 

to 

bl^ast  ing, 

drilling  and 

construct! 

on  traffic  as 

well 

as 

earthquakes;  weathering  of  rock  and  rock  Joints;  and 
effects  of  water  flow,  e*g*  outwash  of  Infilling* 

6*  Numerical  methods  for  visco-plastic  materials 

(Zienklewicz  £.t  a  1*  (  1975  )  )  can  be  used  to  consider  the 

time-dependent  failure  process  in  the  post— peak  range  if 
connected  with  strain— weakening  material  properties* 


' 


- 
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CHAPTER  4 


PHENOMENOLOGICAL  MODEL  FOR  ROCK  WITH  TIME- DEPENDENT  STRENGTH 

In  this  chapter  the  principles  established  in  the 
preceding  chapters  are  used  to  develop  a  phenomenological 
model  which  describes  the  t ime- dependent  failure  of  rock  and 
rock  masses#  Such  a  model,  will  be  useful  in  three  ways:  it 
will  help  to  characterize  the  time-dependent  failure  process 
through  interpretation  of  existing  data;  it  will  help  to 
direct  future  research  programs  as  well  as  assist  in  the 
development  of  numerical  models?  and,  if  expanded  to  rock 
masses*  it  will  allow  the  prediction  and  interpretation  of 
rock  mass  behaviour  Under  various  conditions#  The  purpose  of 
this  chapter  is  to  develop  the  model  in  general  terms*  to 
prove  its  validity  by  a  qualitative  discussion  of  data 
available  in  the  literature,  and  to  suggest  a  possible  way 
to  transform  the  phenomenological  model  into  a  mathematical 
model#  This  last  point  Is  formulated  as  a  recommendation  for 
future  research# 

From  the  results  of  multiple-stage  repeated  relaxation 
tests  on  jointed  coal  it  was  concluded  that  the  response  of 
rock  at  a  given  stress  and  strain  state  depends  entirely  on 
the  current  rock  structure#  Therefore  the  behaviour  during 
any  particular  st ress— history  depends  on  the  development  of 

the  rock  structure  during  deformation#  This  has  led  to  the 

\ 

conclusion  that  the  rock  behaviour  is  a  function  of  the 
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current  available  strength*  This  point  illustrated  in  the 
schematic  stress-strain  diagram  in  Figure  3*37  and  will  be 
clarified  further  by  the  proposed  phenomenological  model. 

Time— dependent  rock  properties  are  in  general  evaluated 
by  one  of  the  following  three  approaches: 

1.  Empirical  fitting  oM  exponential  or  power  laws  to 

experimental  data:  this  approach  is  based  on 

interpolation  and  any  extrapolation  from  such  laws  is 
hazardous  (Price( 1969)  especially  where  the  deformation 
mode  changes.  It  is  most  Justified  where  creep 
terminates  but  any  extrapolation  into  the  near  failure 
range  (e.g.  prediction  of  time  and  strain  to  failure)  is 
difficult  since  it  has  to  be  based  on  assumptions  about 
the  rock  structure  change*  a  process  which  is  not 
completely  understood  at  the  present  time. 

2.  Mechanical  or  mathematical  models  or  analogues:  this 
approach  allows  one  to  describe  all  stages  of 
time-dependent  deformation  up  to  failure  but  does  not 
explain  the  mechanisms  of  rock  deformation*  even  though 
it  may  be  related  closely  to  the  physical  processes.  In 
reality*  the  models  might  be  composed  of  complex 
elements  whose  parameters  are  difficult  to  determine. 
Simplifications*  necessary  to  overcome  this  difficulty* 
may  again  lead  to  unrealistic  predictions.  Many  models 
are  only  applicable  for  restricted  zones*  e.g.  the 
Burgers  model  for  coal  is  valid  only  for  the  pre— failure 


stage  and  limited  time  intervals. 


- 
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3*  Theories  of  physical  processes  or  statistical  mechanics: 
many  theories  were  developed  for  different  rock  types, 
e#g#  dislocation  theories  for  crystalline  rocks,  and 
crack  propagation  theories  for  brittle  rock 

(  e • g# B ie niaws ki (  1967  )  )•  It  is  believed  that  processes 

such  as  t ime— dependent  crack  initiation,  crack 

propagation  and,  in  general,  stress—  and  ti me— dependent 
structure  changes  result  in  creep  with  time  and 

t ime— dependent  strength  of  brittle  rocks*  No  attempt  was 
made  to  elucidate  these  physical  processes  here# 

Nevertheless,  the  proposed  model  will  reflect  to  some 
extent  the  process  of  ti me— dependent  crack  propagation# 
During  loading  of  rock  a  non-uniform  true  stress  field 
is  created  and  certain  areas  (e#g#  grain  contacts  or 
crack  tips)  are  highly  stressed  and  will  relax  due  to 
strength  loss  or  stiffness  changes  with  time# 

The  physics  of  the  failure  process  has  been  thoroughly 
investigated  by  many  authors#  However,  the  application  of 
the  knowledge  gained  has  been  slow,  partially  because  of  the 
fact  that  there  is  no  model  available  to  describe  the 
observed  behaviour  during  t ime— dependent  failure  of  rock#  If 
the  initial  state  of  the  rock  and  the  change  In  boundary 
conditions  can  be  described,  a  model  would  be  most  useful  to 
evaluate  the  controlling  parameters,  their  dependence  and 
significance#  It  would  be  possible  to  make  predictions  from 
information  gained  during  the  early  stages  after  boundary 


conditions  are  changed  and  apply  them  to  later  stages  in  the 


. 
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deformation  history* 


±l2  Eggui.red  Erg^sr.tjgJ  2.1  Mgdel 

The  data  presented  In  the  preceding  chapter  and  results 
from  rock  testing  in  general  reveal  the  following  major 
facts : 

1*  Rock  deforms  elastically  over  a  limited  stress  range; 

2*  Rock  deforms  with  time  even  below  the  yield  limit*  but 
deformations  terminate  below  the  yield  point; 

3*  The  yield  limit  is  r at e— dependent ,  but  in  general  there 
Is  a  minimum  long-term  yield  point; 

4*  The  yield  limit  is  strain-dependent; 

5*  The  strength  limit  is  rate—  or  history— dependent;  the 
range  between  both  the  upper  and  lower  limit  is  variable 
in  extent; 

6*  The  resistance  of  rock  is  composed  of  frictional  and 
cohesive  (or  Intrinsic)  strength* 

Any  model  should  possess  these  properties,  be  applicable  to 
intact  rock  and  rock  masses  at  low  or  high  confining 
pressure  and  at  any  accumulated  strain*  It  follows  that  a 
model  which  can  satisfy  these  requirements  will  consist  of 
at  least  three  types  of  elements: 

1*  Elastic  elements  (E); 

2*  Time  — independent  yield  elements  (  Y  ); 

3*  Time-dependent  yield  elements  (T)  with  loading 


rate— dependent  strength* 


. 


167 


4-S.3.  PE2B9ged  Modfc.l  &ad  i±S  Element  Encfier Hgg 

Figure  4*  la  shows  a  schematic  diagram  of  the  proposed 
phenomenological  model*  It  consists  of  a  block  of  two  types 
of  parallel  units?  (ns)  A— units  with  t  line-  independen  t 
properties  only,  and  ( n— m  )  B-units  with  both  time-dependent 
and  time-independent  properties*  The  individual  elements  are 
described  below  In  general  terms  and  illustrated  by  simple 
mechanical  elements  possessing  the  corresponding  properties* 
Non-linearity  can  be  achieved  by  superposition  of  linear 
units  in  parallel  or  by  using  elements  with  non-linear 
properties* 

1*  Elastic  elements;  E(  Ai  )  or  E(  B  J  )  :  a  linear  or  non-linear 
elastic  element* 

Mechanical  model:  Spring  with  stiffness  E=f(6)*  The 

stiffness  of  these  elements  may  vary  from  unit  to  unit 
and  is  best  described  by  a  stiffness  distribution 
function*  This  is  called  a  parameter  distribution 
function  and  assigns  a  specific  value  to  each  unit* 

The  E— elements  may  be  extended  to  include  limited, 
partially  irreversible  or  reversible  yield  elements  to 
model  crack  or  joint  closure* 

2*  Time  elements  T( B J )  t  an  element  which  transmits  load  to 
the  yield  elements  as  a  function  of  loading  rate?  zero 
load  at  an  infinitesimal  loading  rate  and  maximum  load 
for  instantaneous  loading* 


Mechanical  model:  dash  pot. 


Termination  of  strain  under  a  constant  stress  below  the 


- 
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A-U  nit  B-Unit 


Block  Composed  of 
(m)  A-Units  and  (n  -  m)  B-Units 


Elastic  Element 


Time  -  Dependent 
Element 


Yield  Element 


J 


Figure  4*1  a)  Schematic  Diagram  of  Model 

b)  Simple  Version  cf  Model  with  Mechanical  Elements 
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yield  stress  of  the  block  of  units  is  achieved  by 
parallel  arrangement  of  A-  and  B-uni ts  due  to  internal 
load  transfer# 

3  •  ilfiid  .elements  XLAU  SSI  XLEJJl  a  time-independent 
element  with  cohesive  and  frictional  strength 

components#  Both  resistances  are  described  by  a  strength 
distribution  function# 

Mechanical  model:  a  cracking  element  C,  with  brittle 

stress-strain  behaviour,  in  parallel  with  a  plastic  or 
frictional  element  F  (St#  Venant)# 

The  yield  strain  may  be  partially  recoverable  to  model 
the  hysteresis  observed  during  unloading  and  reloading 
of  rock#  A  spring  in  parallel  with  the  cracking  and 

frictional  element  would  have  to  be  included  in  the 
mechanical  model# 

The  behaviour  of  natural  rock  can  be  modelled  by  e  number  of 
A—  and  B— units  in  parallel#  If  the  relevant  parameters  of 
each  unit  can  be  determined  this  model  will  predict  the 
short-term  and  long-term  strength,  the  accumulated 
deformations,  the  deformation  rate  after  a  certain  load 
history,  and  the  time  to  failure#  The  simplest  possible 

model,  with  the  mechanical  elements  described  above,  is 
shown  in  Figure  4# lb  and  the  stress-strain  curves  for 
instant  and  infinitely  slow  loading  (labeled  "fast"  and 

"slow")  of  this  model  are  given  in  Figure  4#2#  In  this 

figure  the  internal  stress,  the  stress  carried  by  individual 
units,  is  plotted  against  strain  in  the  upper  diagram  (a) 


' 


External  Stress  Internal  Stress 
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Loading  History: 

-  Infinitely  slow  loading;  only  Unit  A  carries  stress  I 

- j  ,  (  Unit  B1  fails  at  e  (Bit) 

_ |  instant  loading,  j  Unit  B2  fails  at  e  (B20 

-  Slow  loading  to  e  followed  by  fast  loading 


Figure  4.2  Schematic  Stress-Strain  Curves  for  Minimum  end 
Maximum  Loading  Rate  on  Model  (Figure  4.1*  n  =  1,  n  =  2) 
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and  the  external  stress*  which  is  the  sum  of  the  internal 
stresses  of  all  units*  is  plotted  against  strain  in  diagram 
(b)#  This  model  is  assumed  to  consist  of  one  elastic* 
brittle,  time— independent  A— unit*  which  exhibits  an  instant 
strength  loss  at  e££  of  magnitude  C&  and  a  constant  ultimate 
strength  F£.  *  and  one  time-dependent  B-unit#  Two  cases  of 
B— units  are  shown:  The  first  case  where  unit  B  fails  before 
unit  A  is  labeled  Bl  and  the  second  case  where  the  unit  B 
fails  after  unit  A  is  labeled  B2#  Both  B— units  show  an 
instant  strength  loss  Cg  and  possess  a  constant  ultimate 
strength  Fg# 

Three  loading  histories  (  I  to  III)  are  superimposed  in 
Figure  4.2  and  described  in  the  legend#  The  following 
observations  are  of  interest: 

1*  Only  the  unit  A  carries  load  if  the  loading  rate  is 
infinites! ma l  C I ) ; 

2*  The  failure  strain*  where  the  first  inelastic 

deformation  occurs  or  the  peak  strength  is  reached, 
depends  on  the  loading  rate  and  the  properties  of  the 
t ime— dependent  B— units#  In  loading  history  II  failure 
occurs  at  a  lower  strain  but  higher  stress  than  in 
loading  history  III  and  a  block  composed  of  A  +  Bl— units 
falls  before  a  block  composed  of  A  +  B2— units# 

By  Increasing  the  number  of  units  and  by  selecting  a  proper 
parameter  distribution  function  for  the  elements  E,  T,  C  and 
F  almost  any  stress— strain— time  relationship  can  be 
modelled#  This  simplified  model  indicates  that  the 


' 


' 


. 


172 


resistance  of  the  B  — units  is  only  lost  during  stressing  at  a 
finite  loading  rate  whose  lower  limit  is  controlled  by  the 


properties  of  the  T  — element*  This  does  not  correspond  in 


general  to  observed  rock  behaviour  and  a  different  T— element 
might  be  necessary  to  model  natural  rock*  This  point  will  be 
ignored  during  the  following  discussion  but  it  could  be 
included  by  gradually  changing  the  properties  of  the  element 


Y§ 


as 


function  of  the  total  accumulated  strain,  to 


maintain  the  model's  validity  over  a  large  range  of  strain* 
Because  of  the  arrangement  of  both  the  frictional  and 
cracking  elements  in  series  with  the  time  element  T,  it  is 


assumed  that  a  portion  of  the  frictional  resistance  is 


time— dependent •  This  point  has  to  be  proved  by  testing  and 

the  frictional  element  Fg  might  have  to  be  eliminated* 

Hudson  and  Brown(  1973)  describe  the  shape  of  the 
stress-strain  curve  of  brittle  rocks  on  the  bases  of  crack 
propagation  as  follows: 

"The  shape  of  the  complete  stress— strain  curve  will 
depend  on  the  variability  of  the  microstructure*  If  the 
rock  is  composed  of  a  uniform  structure  of  elements  that 
have  the  same  elastic-brittle  characteristic!  the  test 
specimen  will  behave  elastically  until  all  the  elements 
fail  simultaneously  and  the  load-bearing  capacity  of  the 
specimen  drops  instantly  to  zero*  Conversely,  if  the 
rock  is  composed  of  different  elements  in  a  random 
structure  and  with  extreme  strength  variations,  the  test 
specimen  will  fall  very  gradually  as  the  displacement  is 
progressively  increased*  It  is  this  principle  of 
progressive  destruction  that  produces  the  basic  shape  of 
the  complete  stress  strain  curve*" 

This  description  fits  the  proposed  model  especially  if  it  is 

added  that  some  elements  (called  units  in  this  model)  may 

fail  as  a  function  of  time  due  to  a  time— dependent  load 


- 
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transfer  from  softening  to  stiff  elements*  Various  physical 
processes  are  the  reason  for  this  weakening  of  elements  with 
t  i  me  • 

Hudson  and  Brown's  description  can  be  expanded  to 
describe  the  behaviour  of  rock  masses  if  the  microstruc ture 
is  replaced  by  the  macrostructure  and  the  sample  size  is 
Increased  accordingly*  Other  physical  processes  may  be  the 
cause  for  the  material  behaviour  but  the  rock  mass  response 
is  comparable  and  can  be  described  by  the  proposed  model* 

KovarM 1977)  has  developed  a  model  which  he  called  a 
"micromechanics  model  of  progressive  failure  in  rock"  for 
rock  with  t ime- independent  properties*  A  comparison  of  this 
model  with  the  proposed  model  for  time-dependent  rock  shows 
that  they  are  identical  for  the  case  of  instant  loading* 
Kovari's  model  is  a  special  case  of  the  proposed  model  if 
the  T— element  is  assumed  to  be  infinitely  stiff  or  the 
B-uni ts  are  eliminated*  Because  of  this  similarity  and  the 
description  given  by  Kovarij  the  following  discussion 
concentrates  on  the  time— dependent  properties  of  the  model* 
An  explanation  of  the  effects  of  confining  pressure  and 
parameter  distribution  functions  on  the  shape  of  the 
stress— strain  curves  is  not  repeated*  The  same  terminology, 
as  far  as  applicable,  is  used  to  simplify  comparison* 

Many  rheological  models  have  been  developed  for  various 
rock  types  to  describe  the  response  of  a  material  within  a 
specific  stress  or  strain  range*  These  models  were  often 
created  to  fit  test  data  up  to  failure*  Yield  elements  have 


. 


. 


. 
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been  included  and  assumed  to  have  a  constant  time  — 
independent  strength  and  could  not  be  overstressed  (e*g* 
Cohen(1978)  )•  In  other  models  (e*g*  complex  Bingham  model 
(Price(1969)  or  Broadbent  and  Ko(1972)  )  the  yield  elements 
are  time— dependent »  due  to  a  viscous  element  in  series  alter 
the  yield  element,  but  exhibit  an  unrealistic  infinite 
strength  for  instantaneous  loading*  Even  the  model  suggested 
by  Pushkarev  and  Afanasev  (1973)  simulates  in  principle  a 
visco-elastic,  visco— plastic  material  only*  The  proposed 
model  overcomes  these  limitations*  It  is  applicable  to 
various  rock  types,  for  the  pre— failure  and  post— failure 
range,  and  it  is  valid  after  the  rock  is  overstressed  as 
long  as  the  same  stress  history  is  applied  to  the  model  as 
experienced  by  the  rock* 


4j_4  Comparison  of  M&dg.l  wJLHi  Published  Tegt  DatgL 

4*4*1  Special  Case  of  Model 

In  this  section  the  general  model  composed  of  one  block 
of  A— units  and  another  block  of  B— units  will  be  tested  on 
data  reported  from  single—  and  multiple-stage  creep  tests, 
single—  and  multiple-stage  relaxation  tests,  and  constant 
and  variable  strain  rate  tests*  As  e  special  case  it  will  be 
assumed  that  the  number  of  units  and  their  parameter 
distribution  functions  are  selected  such  that  both  blocks  of 
units  show  a  linear  strain— weakeni ng  behaviour  as  indicated 


in  Figure  4*3(a  and  b)*  If  the  model  is  loaded  infinitely 


s lowly 


the  B-units 


will  not  carry  any  load  and  the 


* 


' 
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Assumed  stress-strain  curve  for  m  Type  A  and 
(n  -  m)  Type  B  Units  in  parallel: 


Figure  4.3  Special  Case  o±  Phenomenological  Model 
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stress-strain  curve  in  Figure  4*3*c  will  be  identical  to  the 
one  given  in  Figure  4*3*a*  On  the  other  handy  at  an  infinite 
loading  rate  the  two  types  of  units  will  carry  their  maximum 
loads  and  the  resulting  st re ss— strai n  curve  can  be  found  by 
direct  superposition  of  Figure  4*3*a  and  the  curve  for 
infinite  strain  rate  in  Figure  4*3*b*  At  an  intermediate 
rate  the  B— units  may  reach  the  same  peak  strength  and 
residual  strength  but  at  larger  strains  as  indicated  in 
Figure  4*3*b*  They  will  always  exhibit  a  lower  stiffness  as 
a  function  of  the  loading  rate*  If  this  rate  is  too  slow  to 
reach  the  peak  strength  of  the  block  of  B— units,  this  block 
will  show  plastic  yielding  at  a  reduced  stress  level*  The 
stress— strai n  curve  of  the  model  can  be  determined  by 
superposition*  In  Figure  4*3*c  superpositions  for  four 
loading  rates  (numbered  1  to  4)  are  shown  together  with  the 
curves  for  Instantaneous  and  infinitely  slow  loading*  This 
figure  is  based  on  the  assumption  that  yielding  occurs  first 
in  the  block  of  A— units*  Figure  4*3*d  gives  the 
corresponding  curves  for  the  opposite  assumption  that 
yielding  occurs  first  in  the  block  of  B— units*  All 
stress— strain  curves  fall  within  an  area  limited  by  the 
"actual  peak  fracture  envelope"  and  the  stress— stra in  curve 
of  the  time-  independent  units* 

4*4*2  Constant  Strain  Kate  Test 

The  stress-strain  behaviour  of  the  simplified  model  was 


illustrated  in  Figures  4*3  (c  and  d)*  The  particular  shape 


* 

* 
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of  the  intermediate  strain— rate  tests  depends  on  the 
properties  of  the  T— element  and  the  relative  strength  of  the 
A—  and  B— units*  Because  of  the  selected  stress— stra i n  curve , 
composed  of  linear  segments  for  both  types  of  unitsf  the 
resultant  stress— strain  curve  is  composed  of  linear 
segments*  The  s tressrs train  curve  would  show  continuous 
curvature  if  continuous  parameter  distribution  functions  had 
been  selected*  For  decreasing  loading  rates  the  model 
predicts  (Figure  4*3*c)  several  phenomena: 

1*  Decreasing  peak  strength; 

2*  Increasing  ductility  with  decreasing  post— failure  slope 
of  the  s tre ss— stra in  curve; 

3*  A  ra t e— dependen t  ultimate  strength  which  may  be  higher 
than  the  ultimate  strength  for  fast  loading  or  at  least 
higher  than  the  ultimate  strength  for  infinitely  slow 
loading; 

4*  All  stress— strain  curves  lie  within  an  "actual  peak 
fracture  envelope" ; 
and  (from  Figure  4*3*d): 

5*  The  instantaneous  loading  curve  may  not  touch  the 
"actual  peak  fracture  envelope"*  The  peak  strength 
determined  from  a  intermediate  loading  rate  may  be 
slightly  higher  than  for  infinitely  fast  loading* 

The  "actual  peak  fracture  envelope"  can  be  determined  if  it 
is  assumed  that  the  time— dependent  units  ere  loaded  to  their 
peak  strength  and  remain  at  that  stress  level  during  further 


straining  without  losing  strength*  Figure  4*4*a  shows  a  copy 


- 
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of  data  from  uniaxial  compression  tests  conducted  on  a 
sandstone  with  various  constant  strain  rates 
(  Bieniawski ? 1970  )•  The  similarity  to  the  predicted  curves  in 
Figure  4«3*c  is  obvious*  A  very  similar  trend  was  found  by 
Ruesch(  1960 )  from  tests  on  concrete  (Figure  4*4*b)«  From  his 
test  data  it  can  be  seen  that  the  peak  strength  was  almost 
constant*  This  would  indicate  that  the  block  of  A— units  was 
composed  of  frictional  elements  only  and  did  not  possess  any 
or  only  very  little  cohesive  resistance* 

Another  typical  response  of  rock  to  various  constant 
loading  rates  is  Illustrated  in  Figure  4*4*c*  These  data, 
from  uniaxial  compression  tests  on  tuff  by  Peng  and 
Podni eks(  1 972 )  t  are  similar  to  results  from  tests  on  other 
rock  types  reported  by  many  authors  (e*g*  Wawersik(  1 973  )  and 
Peng(  1973  )  on  marble  and  sandstone)*  To  predict  this  type  of 
behaviour  the  model  must  be  modified  slightly  to  reproduce 
the  rate— independent  stiffness  up  to  a  certain  stress  level 
(22  MPa  in  Figure  4*4*c)*  This  can  be  achieved  if  it  is 
assumed  that  the  t ime— dependent  B— units  ere  only  activated 
after  the  A-units  have  been  strained  to  their  peak  strength 
or  by  introducing  a  second  yield  element  in  parallel  with 
the  time-dependent  element*  The  B— units  would  have  to  be 
vi sco— plas tic  units  with  or  without  strain— weakening*  The 
behaviour  of  these  units  and  the  predicted  response  of  the 
corresponding  model  is  shown  in  Figure  4*5*  To  model  the 
data  presented  in  Figure  4«4*c  beyond  a  total  strain  of 
0*45%  the  B-units  would  have  to  be  assumed  as 


. 
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Figure 

Tests 


(Bieniawski,  1970) 


4,4  Stress-Strain  Diagram  from  Uniaxial  Compression 
reported  by  a)Fienia*ski  (1970)»  b)Ruesch  (I960)  and 
c)  Feng  and  Podnieks  (1972) 


External  Stress  Internal  Stress  Internal  Stress 
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Figure 


4.5  Special  Case  cf  Model  for  Rock  with  Time  - 
Independent  Stiffness  below  the  Yield  Strength 
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st rain— weakening  units* 

Other  observations  made  by  Peng  and  Podnieks  (1972, 
Figure  7)  on  the  strain  rate  effect  in  the  post— yield  region 
are  consistent  with  the  model  behaviour;  the  slope  of  the 
stress  — strain  curve  beyond  a  certain,  stress  level  (about  22 
MPa  in  Figure  4*4)  decreases  if  the  strain  rate  is  decreased 
and  even  becomes  negative  if  the  strain  rate  drops  below  a 
certain  critical  value* 

Another  set  of  test  results  from  tests  on  Solenhofen 
Limestone  ( Rut te r(  1 97 2 )  )  is  summarized  in  Figure  4*6* 
Diagram  (a)  shows  the  brittle  behaviour  at  a  relatively  low 
confining  pressure  (  30  Mpa  )•  This  could  be  modelled  by 
introducing  mainly  frictional  elements  as  yield  elements  for 
the  A— units  and  mainly  cracking  elements  for  the  B— units*  As 
a  result  the  block  of  A— units  would  be  elasto— plas tic  with 
little  strain-weakening  and  the  block  of  B— units 
vi sco— plastic  with  almost  no  ultimate  strength*  The 
following  diagram  (b)  contains  data  from  tests  with  the  same 
effective  confining  pressure  but  with  an  equivalent  back 
pressure*  At  a  strain  rate  of  10~6/sec  or  lower  the  results 
indicate  that  the  law  of  effective  stress  is  applicable  and 
the  model  can  be  used  accordingly*  At  higher  strain  rates 
dilatancy  hardening  (Brace  and  Martini  1968)  ),  due  to  a  pore 
pressure  reduction  during  volume  increase  in  this  low 
permeability  rock,  increases  the  frictional  resistance 
causing  a  similar  response  as  a  confining  pressure  increase 


(compare  with  diagram  (c))*  This  pore  pressure  decrease  is  a 


* 


Stress  Differential  Stress  Differential  Stress  Differential  Stress  Differential 

x  102  [MPa]  x  102  [MPa]  x102[MPa]  x  102  [MPa] 
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Strain  Rate  [sec'1] 

A  3.0  x  10' 4 

B  3  0  x  I0'5 

C  4.2  x  I0'6 

D  3.0  x  10' 7 

E  4.5  x  I0'8 


Same  Rates  as(§). 


A 

30 

X 

I0'4 

B 

1.6 

X 

I0-4 

C 

3.0 

X 

I0'5 

D 

1.5 

X 

I0"6 

E 

6.0 

X 

I0‘7 

A 

4.0  x 

I0‘4 

B 

4.5  x 

I0'6 

C 

3.3  x 

I0'7 

D 

6.0  x 

I0~8 

Wet  Solenhofen  Limestone 
at  20°C 


Figure  4«6  Stress-Strain  Diagrams  from  Teste  on  Solenhofen 

Limestone  ( Butter,  1972) 
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function  of  the  loading  rate  and  the  rock  permeability.  In 
the  model  the  yield  element  F  is  a  function  of  the  effective 
confining  pressure#  The  process  described  above  would 
increase  the  strength  of  the  model  and  make  it  more  ductile 
as  the  ratio  between  the  resistance  of  the  cracking  and 
friction  elements  decreases*  The  model  again  shows  good 
agreement  with  the  observed  behaviour*  At  high  confining 
pressures  (d)  the  rock  behaves  in  a  ductile  manner  with  a 
somewhat  higher  yield  point  for  rapid  loading  and  strength 
loss  at  increased  strain*  This  indicates  a  visco-plastic 


behavl our 


where 


frictional 


elements  control  the 


ti me— dependent  response  at  low  strain  and  some  cracking 
elements  are  activated  after  significant  straining*  A 
detailed  analysis  is  necessary  to  evaluate  whether  these 


data  can 


be  modelled  by  one  set  of  parameters*  The  proposed 
model  describes  qualitatively  all  observed  variations  in 


strength  and  ductility* 

From  this  brief  discussion  it  follows  that  the  proposed 
model  with  properly  selected  parameter  distribution 
functions  can  describe  the  various  observations  of  strain 
rat e— dependent  behaviour  of  failing  rock*  This  model  should 


therefore  explain  the  response  to  changes  in  strain  rate. 


4*4*3  Tests  with  Varying  Strain  Bate 

The  tests  reported  by  Bieniawski  (1970)  were  conducted 
with  varying  strain  rate  to  determine  the  behaviour  of 
fractured  rock*  To  the  author's  knowledge  these  are  the  only 
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variable  strain  rate  tests  documented  in  the  literature*  The 
shape  of  the  stress-strain  curves  from  tests  on  a  sandstone 
are  shown  in  Figure  3*1*  Two  pertinent  observations  can  be 
made  : 

1*  A  decrease  in  strain  rate  in  the  post— peak  zone  results 
in  an  initially  faster  stress  drop  with  a  subsequent 
leveling  off  at  a  higher  ultimate  strength; 

2*  An  increase  in  strain  rate  in  the  post-peak  zone  results 
in  an  secondary  peak*  The  slope  of  the  stress— strai n 
curve  changes  to  a  positive  slope  immediately  after  the 
rate  increase  and  a  steeper*  negative  slope*  leveling 
off  at  a  lower  ultimate  strength*  can  be  observed  after 
this  secondary  peak* 

The  corresponding  behaviour  for  the  model  discussed  in 
Figure  4*3  (special  case  c)*  which  was  found  to  fit  the 
constant  strain  rate  data  from  tests  on  the  same  rock 
(Bieniawski(  1970)),  is  illustrated  in  Figure  4*7*  Four 
stress  histories  are  illustrated  in  this  figure:  the  two 
cases  of  infinitely  fast  and  slow  loading*  which  have 
already  been  discussed  in  Figure  4*3*  and  two  additional 
cases  ( I  and  II)  with  Intermediate  strain  rates  ei  and 
(where  ei>e2  )«  If  it  is  assumed  that  an  original  strain  rate 
is  selected  so  that  the  B— units  do  not  fail  (case  II)  and 
that  the  strain  rate  after  a  total  accumulated  strain  e[  II  ) 
is  increased  to  Infinity  or  decreased  to  a  lower  strain  rate 
€3,  the  resulting  stress— strain  curve  can  be  found  by 
superposition  of  figure  4*7*a  and  4*7*b*  The  predicted 


External  Stress  a  Internal  Stress  lAaBj  Internal  Stress  £AcrAi 
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Fieure  4.7  Special  Case  cf  Model  for  Rock  in  Variable  Strain 

Rate  Tests 
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stress-strain  curve  shows  a  secondary  peak,  due  to  -the 
strength  reserves  of  the  B— units,  and  leveling  off  at  a 
different  ultimate  strength  level*  The  predicted  behaviour 
is  given  in  Figure  4*7  (c)  together  with  another  case  (I) 
where  the  strain  rate  was  changed  at  a  total  accumulated 
strain  e(  I  )  before  the  peak  strength  of  the  B— units  was 
reached*  It  can  be  seen  that  the  model  duplicates  the 
behaviour  observed  by  Bieniawski  suprisingly  well*  The  model 
supports  the  conclusions  drawn  in  Chapter  3  that  different 
rock  structures  with  variable  ultimate  strength  and 
time— dependent  properties  can  be  created  during  loading* 
Depending  on  the  stress— history,  B— uni ts  may  or  may  not 
fail*  The  response  at  a  given  strain  is  controlled  entirely 
by  the  current  available  strength;  specifically,  the  current 
available  strength  of  the  B— units*  The  special  case  of  the 
model  predicts  a  structure  independent,  constant  long-term 
ultimate  strength,  but  a  hi story— dependent  current  available 
strength*  This  is  the  case  because  of  the  assumption  that 
the  ti me— dependent  element  T  is  a  viscous  dash  pot* 

4*4*4  Multi pie— Stage  Single  Relaxation  Tests 

As  mentioned  earlier,  this  type  of  test  is  a  special 
case  of  the  variable  strain  rate  test  where  the  strain  rate 
is  reduced  to  zero  at  various  locations  along  the 
stress— strain  curve*  Such  test  procedures  were  reported  by 
Bieniawski  (1970),  Peng(1973)  ,  Hudson  and  Brown(1973)  and 
others*  This  loading  history  applied  to  the  model  means  that 


- 
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the  B— units  are  loaded  to  a  certain  stress  level,  before  or 
after  their  peak  strength,  and  then  allowed  to  relax 
gradually  as  soon  as  loading  is  stopped*  These  units  will 
not  carry  any  load  at  infinite  time  (Figure  4*8*b)«  The 
relaxation  will  therefore  terminate  at  the  current  long-term 
strength  which  is  controlled  by  the  strength  of  the  A— units* 
This  process  is  shown  for  three  single  relaxations  with 
instant  loading  in  between  them  in  Figure  4*8  for  the 
special  case  described  in  Figure  4* 3*c*  During  the  first 
relaxation  (I)  the  load  carried  by  the  B— units  drops  to 
zero*  These  units  will  therefore  possess  an  unchanged 
strength  reserve  as  long  as  they  have  not  been  over stressed • 
During  loading  to  the  second  stage  (II)  the  A— units  start  to 
fail  at  a  strain  e( Aj  )  but  the  B-units  can  take  further  load 
until  they  start  to  fail  when  the  "actual  peak  fracture 
envelope"  is  reached*  If  the  loading  rate  between 
relaxations  is  high  enough,  the  B— units  will  reach  their 
peak  strength  and  reach  the  "actual  peak  fracture  envelope" 
independent  of  loading  history*  Stages  II  and  III» 
illustrate  relaxations  within  the  zone  where  some  of  the 
B— units  are  overstressed*  The  available  strength  after 
relaxation  is  equal  to  the  stress  carried  by  these  units 
before  relaxation  was  started* 

Again  excellent  agreement  with  documented  observations 
can  be  found  by  comparison  of  the  model  behaviour  with 
results  published  by  Peng(1973)  (e*g*  Figure  4*9*a), 


BleniawskK 1970)  or  Hudson  and  Brown(1973)*  From  these  three 
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Special  Case  of  Model  for  Rock  in  Multiple-Stage 
Single  Relaxation  Test 


Figure  4  •  S 
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Figure  4.9  Special  Case  cf  Model  dturing  Relaxation  for 
Comparison  »ith  Test  Data  ( Peng,  1973) 
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publications  it  appears  that  the  B— units  of  the  tested 
materials  possess  only  a  minor  cohesive  resistance  and  that 
they  can  be  modeled  as  elastic,  visco-plastic  units*  (The 
sandstone  tested  by  Peng  (1973,  Figure  3)  shows  some 
strain— weakening  of  the  B— units)*  The  behaviour  of  a  model 
with  corresponding  properties  is  shown  for  comparison  with 
the  real  behaviour  in  Figure  4*9  (b  and  c  )•  It  is  assumed 
that  the  yield  elements  of  the  A— uni ts  are  composed  of 
cracking  elements  only  and  that  reloading  is  undertaken 
after  complete  relaxation*  A  yield  element  must  be  added  in 
parallel  to  the  time— dependent  element  (or  the  B— units  must 
be  delayed  )  to  model  the  time-independent  portion  of  the 
stress— strain  curve* 

The  effects  of  the  machine  stiffness  on  the  behaviour 
of  failing  rock  in  connection  with  the  proposed  model  have 
been  discussed  in  detail  by  KovarK 1977  )  for  the  case  of 
t ime- Independent  rock*  These  effects  have  to  be  considered 
when  the  results  from  relaxation  tests  during  unconfined 
uniaxial  compression  tests  are  compared  with  the  model* 
Depending  on  the  parameter  distribution  functions  of  the 
elements  E,  C  and  F,  it  may  be  possible  that  B— units  fail 
during  relaxation  if  stress  redistribution  within  the 
B— units  or  excessive  strength  loss  of  A— units  leads  to  a 
loading  of  other  B-units*  In  both  cases  sudden  changes  in 


relaxation  rates  may  be  observed* 
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4. 4*  5  Mult iple-St&ge  Repeated  Relaxation  Test 

The  major  difference  between  the  single  relaxation  test 
and  the  multiple— s tag e  repeated  relaxation  test  is  that  the 
rock  is  not  reloaded  to  the  current  available  strength 
during  testing  within  one  stage*  The  model  has  to  be 
compared  with  the  data  presented  in  Chapter  3*  Because  the 
model  was  developed  on  the  basis  of  this  inf orna t ion t  the 
following  discussion  cannot  be  considered  as  a  proof  of  its 
validity,  but  it  illustrates  another  case  where  the  model 
predicts  the  real  behaviour*  The  model  can  be  used  to 
describe  the  behaviour  in  the  three  Zones  A,  B  and  C  (see 
F 1 gure  3*37  ) • 

In  Zone  A  relaxation  decelerates  and  terminates  at 
stress  levels  below  the  long-term  peak  strength*  All  units 
in  the  model  are  loaded  to  stress  levels  below  their 
capacity  and  the  predicted  behaviour  corresponds  to  the 
behaviour  of  a  number  of  spring  elements  in  parallel  with  a 
number  of  Maxwell  elements*  Below  the  long-term  peak 
strength  this  will  lead  to  terminating  creep  or  relaxation 
and  above  the  long-term  peak  strength  stress  transfer  from 
the  B— units  to  the  A— units  will  eventually,  at  the  limit 
between  Zone  A  and  C»  lead  to  collapse  of  some  A-uni+s  (or 
B— units)*  The  response  of  the  model  during  stage  testing  in 
Zone  A  can  be  determined  by  linear  superposition*  At  strains 
beyond  the  peak  failure  strain  but  at  stresses  below  the 


current  long-term  strength  the  model  predicts  a  behaviour 


similar  to  that  observed  in  Zone  A*  No  additional  yield 


- 
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elements  fall  and  the  time— dependen 
by  the  E  and  T  elements# 

In  Zone  B  near  the  ultima 
cracking  elements  are  exhausted* 
the  B-units  consist  of  frictional  e 
behave  in  a  vi sco- plastic  manne 
entered*  On  the  other  hand,  if 
B— units  are  cracking  elements  only, 
t ime- independent  ultimate  strength 
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elements  of  the  B— units  increases* 
The  behaviour  within  the  trans 
by  the  sudden  breakdown  of  maj 
within  the  rock  structure*  The 
stress— strai n  relationship  is  si 
groups  of  elements  possessing  simil 
to  an  even  loading  of  these  units 
of  groups  of  units*  The  condit 
available  strength  and  therefore 
special  case  and  can  only  be  mode 
distribution  functions* 

The  view  expressed  in  Chapte 
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r  3  that  the  results  from 


relaxation  tests  near  failure  cannot  be  used  to  predict 
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creep  behaviour  without  making  assumptions  about  the  failure 
process  is  strongly  supported  by  the  model*  A  single 
relaxation  is  a  response  to  the  current  state  of  rock  (or 
model)  whereas  creep  describes  the  transition  from  one  state 
to  another  during  the  specific  stress  history  of  constant 
load*  Different  stress  histories  result  in  a  different 
stress  distribution  at  a  given  strain  (Krenz(  1979  )  ).  The 
same  units  that  will  fail  during  relaxation  ere  not  the  same 
as  those  which  would  fail  under  constant  load  at  the  same 
accumulated  strain*  Two  relaxations  executed  immediately 
after  each  other  could  show  completely  different  behaviour* 
If  a  unit  just  failed  during  reloading,  relatively  little 
relaxation  will  be  observed,  whereas  a  major  stress  drop  is 
recorded  if  a  unit  collapses  during  relaxation*  This 
drawback  is  overcome  in  repeated  relaxation  tests  where  (a) 
decreasing  relaxation  means  that  units  are  loaded  and 
capable  of  carrying  load  transferred  from  the  time-dependent 
units ,  (b)  constant  relaxation  means  that  elements  fail  but 
in  a  stable  manner  with  load  transfer  to  stronger  units  and 
(c)  increased  relaxation  means  that  unstable  conditions 
exist  where  more  load  is  transferred  than  can  be  carried* 
The  latter  case  may  become  stable  if  strong  units  can  be 
mobilized  at  increased  strain*  Repeated  relaxation  tests  in 
a  stiff  testing  frame  show  essentially  the  same  advantages 
over  a  creep  test  as  does  strength  testing  with  a  stiff 
testing  machine  over  testing  with  a  soft  testing  machine* 
The  energy  release  of  the  test  frame  is  controlled  and 


■ 
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little  damage  is  created  due  to  the  test  system;  pure  rock 
response  is  observed. 


4.4.6  Single-Stage  Creep  Tests 

Single-stage  creep  tests  at  stress  levels  below  the 
long-term  peak  strength,  where  none  of  the  yield  elements 
are  ove r stressed ,  can  be  used  to  investigate  the  properties 
of  the  assembly  of  E  and  T  elements.  Creep  will  terminate  at 
these  stress  levels.  The  model  assembly  corresponds  to  a 
three— parame ter  solid  with  constant  parameters.  Consequently 
it  does  not  predict  a  linear  relationship  between  the 
logarithm  of  strain  rate  and  the  logarithm  of  time  as 
observed  for  coal  by  da  Fontoura(  1980).  A  variation  of  the 
parameter  distribution  functions  does  not  affect  this 
predicted  non-linear  trend.  It  is  necessary  to  alter  the 
type  and  arrangement  of  the  E  and  T  elements  to  satisfy 
linearity  at  these  pre— failure  stress  levels.  For  coal,  a 
number  of  Kelvin  elements  in  series,  with  a  retardation  time 
spectrum  (Terry(  1956)  ),  will  be  required. 

Above  the  long-term  peak  strength  the  model  will 
initially  predict  a  decrease  in  creep  rate  followed  by 
acceleration  leading  to  collapse.  Only  as  a  special  case, 
with  a  certain  arrangement  of  distribution  functions,  might 
it  be  possible  to  model  a  secondary  creep  stage  with  a 


constant  creep  rate.  It  follows  from  the  model  that 


secondary  creep  is  not  characteristic  of  failing  brittle 
rock.  Many  types  of  strain— time  relationships  have  been 


- 
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observed  in  creep  tests  on  rock#  The  various  types  can  be 
simulated  fcy  a  model  with  the  right  parameter  distribution 
functions#  The  following  example  will  serve  to  illustrate 
this# 


Data  from  creep  tests  on  shale  and  marble  by 
Singh(1975)  are  reproduced  in  Figure  4*10#  Three  typical 
behaviours  are  revealed:  (a)  sudden  increases  in  strain  rate 
on  generally  decelerating  creep  curves;  Cb)  gradual  failure 
by  continuous  strain  rate  increase;  and  (c)  almost  instant 
failure  after  a  sudden  strain  rate  Increase  during 
continuously  decreasing  creep  rate*  A  similar  stress-strain 
curve  was  observed  during  coal  testing#  The  model  explains 
these  three  cases: 

1#  A  stress  transfer  between  B— units  and  a  collapse  of 
these  units  will  result  in  a  momentary  strain  rate 
increase#  Subsequent  deceleration  is  caused  if  the 
A-units  are  never  loaded  beyond  their  capacity; 

2#  Gradual  failure  is  caused  if  the  stress  transfer  is  slow 
and  the  B-units  are  able  to  carry  temporarily  the 
strength  losses  due  to  the  collapse  of  A— units; 

3#  Stress  is  transferred  to  A— units  and  their  strength  loss 
leads  to  an  overstressing  of  the  B— units*  resulting  in 
collapse  within  a  very  short  time  span# 

Another  feature  of  the  proposed  model  is  that  it  can  predict 
the  total  strain  to  failure#  Depending  on  the  selected 
parameter  distribution  functions,  collapse  occurs  at  a 


strain  corresponding  to 


the  accumulated  strain  for  rapid 


* 
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Sicilian  Marble 


Figure  4. 1C  Axial  Strain  versus  Time  Curves  of  i)  Shale  and 

ii)  Marble  (Singh»1975) 
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loading  or  at  much  higher  strains#  Both  types  of  behaviour 
may  be  observed  during  testing  of  rock*  A  schematic  model 
behaviour  (for  the  same  case  as  shown  in  Figure  4«3«c)  is 
illustrated  in  Figure  4*11*  A  similar  diagram*  for  a 
material  where  the  t i me— de penden t  units  fail  before  the 
t ime— i ndependent  units  is  given  later  in  Figure  4*13* 

Figure  4*ll«a  includes  stress-strain  curves  for  loading 
at  minimum  and  maximum  strain  rate  (called  "slow"  and 
"fast")  and  the  "actual  fracture  envelope"  (Lama(1974)) 
which  is  not  Identical  with  the  "actual  peak  fracture 
envelope"  if  the  A— units  yield  first*  The  "actual  peak 
fracture  envelope"  can  only  be  reached  if  the  B— units  have 
not  been  damaged  during  the  loading  and  the  "actual  fracture 
envelope"  can  be  reached  if  some  damage  has  been  done  during 
loading*  Single-step  creep  tests  are  conducted  at  stress 
levels( I  ),  (II)  and  (III)*  Figure  4*ll*b  gives  the  stress 
carried  by  the  B— units  as  a  function  of  strain  for  these 
three  cases*  A  constant  maximum  loading  rate  up  to  the  creep 
stress  level  was  assumed*  At  stress  level  (I)  all  stress 
initially  carried  by  B-units  will  transfer  to  the  A-units, 
the  creep  rate  (Figure  4«ll*c)  will  drop  to  zero,  and  creep 
will  terminate  (Figure  4*ll*d)  at  the  long-term  strength 
curve  (Figure  4*ll*a)*  At  stress  level  (II)  (above  the 
long-term  peak  strength)  the  creep  rate  decreases  initially 
due  to  unloading  of  the  B— units  to  a  minimum  at  e(  Aj  ),  the 
strain  where  the  A-units  begin  to  fail*  This  stage  is 
followed  by  a  rate  increase  due  to  stress  transfer  from  A- 
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(peak) 


figure  4.11  Special  Case  cl  ad  cat  l  for  fcock  in  Single-Stage 

Creep  Tests 
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to  B— units  and  failure  will  occur  at  the  "actual  fracture 
envelope".  The  corresponding  curves  for  internal  stress  on 
B— units  and  strain  rate  as  well  as  the  creep  curves  are 
given  in  Figure  4.11.  At  an  even  higher  stress  level  (III) 
only  a  minor  stress  transfer  from  B—  to  A— units  is  followed 
immediately  by  a  stress  transfer  reversal.  This  results  in  a 
small  primary  creep  zone  before  failure  is  initiated  at  a 
constant  strain  e( Aj  ).  Failure  will  occur  beyond  the  fast 
loading  stress-strain  curve  except  in  the  special  case  where 
the  B-units  are  represented  by  visco— elastic,  plastic  units 
with  no  strain— weakening.  If  the  peak  strength  of  the 
B— uni ts  is  larger  than  the  difference  between  the  peak 
strength  and  the  ultimate  strength  of  the  A— units,  it  is 
theoretically  possible  that  creep  will  not  lead  to  failure. 
After  a  period  of  primary  creep,  the  creep  rate  will 
gradually  increase  to  a  maximum  level,  depending  on  the 
T— elements  and  the  relative  stress  level,  and  remain 
constant  as  long  as  the  current  available  strength  remains 
constant. 

Figure  4.12,  Test  No.  47a/30,  gives  an  example  of  a 
single-stage  creep  test.  It  provides  experimental 
verification  of  the  behaviour  predicted  by  the  model  (Figure 
4. 11.  a).  These  creep  tests  on  marble  were  reported  by 
Lama(  1 974  )  . 

4.4.7  Multiple-Stage  Creep  Tests 
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P  Primary  Creep  Range 

S  Secondary  Creep  Range 

T  Tertiary  Creep  Range 

F  Failure  Point 


Sample 

Time  to  Failure 

44a/30 

10  min 

47a/30 

290  min 

49a/30 

480  min 

4*12  Stress  — Sira  in  Diagram  of  Multiple-Stage  Creep 

Tests,  Lana  (1974) 


F i gur  e 
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Creep  tests  are  undertaker  from  Increasing  or 
decreasing  stress  levels  (stages)  until  failure  is  reached 
at  the  final  creep  stage*  The  stre ss- strai n  curves  from  such 
tests  with  increasing  stress  levels  ( Lama(  1 974  )  )  ,  together 
with  an  average  s tr ess— s tr a in  curve  for  tests  at  strain 
rates  less  than  2*5  x  10~"4(  units  not  given  in  Lama's 
publication),  are  shown  in  Figure  4*12*  One  test  at  a  higher 
strain  rate  indicated  higher  strength  with  an  almost 
parallel  post-peak  st re ss— strain  curve*  It  appears  that  all 
three  creep  tests  failed  at  stress  levels  relatively  close 
to  the  long-term  peak  strength*  This  means  that  nc  load  was 
carried  by  the  B— units  at  rates  below  2*5  x  1 0— 4*  The 
observed  stress-strain  curve  describes  therefore  the 
response  of  the  A— units* 

Other  multi  pie— stage  creep  tests  from  reloading  curves 
after  the  long-term  peak  strength  showed  comparable  results 
( Lama(  1 974  ), Figure  11)*  This  supports  the  view  that  the  rock 
mass  should  behave  in  a  manner  similar  to  reloaded  failed 
rock* 

Before  Lama's  data  can  be  compared  with  the  proposed 
model,  a  few  observations  must  be  made*  It  seems  Impossible 
to  predict  the  stress  level  of  the  creep  stages  relative  to 
the  peak  strength  determined  for  constant  strain  rate  tests 
due  to  a  considerable  variation  In  strength  between  samples* 
To  connect  the  failure  points  by  an  "actual  fracture 
envelope"  seems  questionable*  Furthermore,  because  of  the 
previous  statement  that  a  secondary  creep  stage  exists  only 
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under  very  special  conditions,  it  is  necessary  to 
reinterpret  the  given  limits  between  primary»  secondary  and 
tertiary  creep#  The  minimum  creep  rate  should  lie  somewhere 
within  the  "secondary"  (S)  zone  and  acceleration  must  have 
been  obvious  at  or  beyond  the  limit  between  the  (S)  and 
"tertiary"  (T)  zone*  The  model  in  Figure  4*11  predicts  that 
the  transition  point  between  primary  and  tertiary  creep 
would  correspond  with  the  long-term  peak  strength  and  that 
creep  tests  closer  to  the  long-term  peak  strength  would  show 
a  more  pronounced  primary  creep  stage  and  more  strain  to 
failure*  This  is  very  similar  to  the  behaviour  observed  by 
Lama  • 

The  schematic  diagram  for  mult i pie— stage  creep  tests  on 
a  material  whose  B-units  fail  before  the  A— units  is  given  in 
Figure  4*13*  Three  single-stage  creep  tests  (I),  (II)  and 
(III)  (similar  to  the  ones  in  Figure  4*11)  are  included  in 
this  figure*  It  can  be  observed  that  a  single-step  creep 
test  at  stress  level  (III),  (beyond  failure  initiation  in 
the  B— units),  will  not  reach  the  "actual  peak  failure 
envelope"  due  to  some  strength  loss  of  B— units  before  the 
creep  level  was  reached  (Figure  4«13*b)*  On  the  other  hand, 
it  can  be  seen  that  multiple— stage  creep  tests  with  failure 
at  the  same  stress  level  may  fail  at  the  "actual  peak 
fracture  envelope"  if  the  B— units  did  not  lose  any  strength 
during  the  previous  loading  history  (both  V  and  VI)*  The 
loading  history  (VI)  indicates  that  loading  beyond  the  limit 
called  "actual  fracture  envelope"  by  Lama  (1974)  may  be 
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Figure  4«13  Special  Case  of  Model  for  Rock  in  Mult iple  —  Stage 

Creep  Tests 
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possible*  II  follows  that  "there  are  some  rocks  (Figure  4*13) 
where  the  strain  to  failure  is  his tory— dependent  and  others 
(Figure  4.11)  where  it  is  history-independent.  The  "actual 
fracture  envelope"  introduced  by  Lama.  is  therefore 
history— dependent •  Moreover,  it  is  possible,  as  was 
mentioned  during  the  discussion  of  single-stage  creep  tests, 
that  this  limit  is  never  reached  during  creep  tests*  The 
term  "actual  fracture  envelope"  is  therefore  questionable 
and  has  been  replaced  by  "actual  pe^k  fracture  envelope"  to 
indicate  that  this  envelope  can  be  reached  if  the  peak 
strength  of  the  B— units  is  mobilized*  No  further  attention 
is  given  to  this  limit  since  it  does  not  seem  to  have  any 
practical  implications* 


4*4*8  Static  and  Dynamic  Fatigue 

The  proposed  model  as  discussed  in  connection  with 
single-stage  creep  tests  (Figure  4*11)  shows  clearly  static 
fatigue  behaviour*  The  time  to  failure  (Figure  4*11 *d)  is  a 
function  of  the  applied  stress  level  and  fatigue  failure  has 
to  be  expected  above  the  long-term  peak  strength*  Dynamic 
fatigue  could  be  explained  by  this  model  too,  but  it  will 
not  be  discussed  in  detail*  Stress  level,  stress  range  and 
loading  frequency  can  easily  be  identified  as  some  of  the 
relevant  parameters  by  examination  of  Figures  4*11  and  4*13* 
It  is  of  some  interest  to  evaluate  the  model  in 
connection  with  the  brief  testing  program  undertaken  during 


Test  No*  CTR-2A, 


A  comparison  of  repeated 


Stage  B* 
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relaxations  with  enforced  rapid  cycling  was  given  in  Figure 
3*17*  This  test  was  performed  near  failure  above  the 
long-term  strength*  Rapidly  enforced  cycling  may  therefore 
cause  some  elements  in  both  types  of  units  to  yield  due  to 
minor  stress  redistributions  between  the  ti me— dependent 
units  or  from  the  time-independent  units*  The  total  testing 
time  during  cyclic  loading  is  relatively  short  compared  with 
the  time  needed  for  the  same  number  of  load  cycles  during 
repeated  relaxation  tests*  As  a  consequencef  only  minor 
straining  occurs  during  rapid  cycling  since  not  enough  time 
is  given  for  the  T-^elements  to  deform  and  less  damamge  is 
done  to  the  rock  structure*  On  the  other  hand,  during 
repeated  relaxation,  a  major  unloading  of  the  B— units  over 
an  extended  time  interval  combined  with  loading  of  the 
A-units  will  result  in  strain  accumulation  at  the  T-element* 
Furthermore,  during  reloading  between  relaxation,  more  and 
more  load  will  be  carried  by  the  A— units  and  over stressing 
will  result  in  strength  loss  and  strain  accumulation*  This 
behaviour  is  clearly  supported  by  the  observations  reported 
in  Chapter  3  and  by  Kranz  (  1979)* 

Further  support  for  the  proposed  model  may  be  found  in 
many  other  publications,  but  because  of  incomplete 
information  it  is  often  difficult  or  impossible  to  evaluate 
the  data  in  detail*  For  example,  John(1974)  published  very 
interesting  results  on  single-stage  creep  and  constant 
strain  rate  tests  on  norite  but  reported  only  time  to 
failure  and  strength  at  failure*  His  data  indicate  that 
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additional  strength  can  be  mobilized  if  rock  is  loaded 
relatively  fast  or  after  a  creep  test  of  limited  time*  He 
notes  that,  in  a  strength  versus  time  to  failure  diagram, 

"•••the  strength  for  continuous  loading  lies  always 
above  the  strength  for  constant  load  tests  by  a  constant 


amount • 


it 


He  further  explains: 

"After  failure  initiation  the  deformation  behaviour 
depends  on  the  loading  rate.  This  means  that  crack 


i n i tat ion 


and 


crack  propagation  are  time 


dependent •"(  Translated  from  German  by  the  author) 

This  process  is  described  by  the  suggested  model* 

Developments  in  other  areas,  e*g«  geophysical  research, 
indicate  that  t i me- dependent  models  can  be  used  to  describe 
fairly  accurately  several  phenomena  such  as  post— seismic 
creep,  foreshocks  and  aftershocks  (Cohen(  1978  )  )•  The  model 

used  in  Cohen* s  study  is  a  special  case  of  the  proposed 
model  with  both  ti me— dependent  and  t ime— independnet  elements 
connected  to  one  frictional  element*  From  the  previous 
discussion  it  appears  that  even  better  agreement  with 
observations  might  be  achieved  if  the  vi sc o— el asti c ,  plastic 
model  would  be  replaced  by  a  special  case  of  the  proposed 
model,  a  non-brlttle  visco— elastic,  visco-plastic  model. 
Application  of  the  model  to  this  area  of  research  should  be 


investigated  in  more  detail. 


* 
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4*5  Recommended 


to  Dgvfilfifi  1  h£> 


Moftfi.ll  to  a  Mfl.thfiffifl±l£aJ:  Model 

The  purpose  of  this  section  is  to  outline  briefly  a 
possible  procedure  to  develop  the  proposed  phenomenological 
model  into  a  mathematical  model#  The  recommended  approach  is 
based  on  the  procedure  outlined  by  Kovari  (1977)  which  he 
used  to  analyse  t i me— independent  rock  behaviour  during  the 
fracture  process#  To  obtain  a  smooth  stress— strai n  curve , 
Kovari  assembled  a  large  number  of  time— independent  A-units 
with  a  continuous  parameter  distribution  function  into  a 
"block"  of  units  (Figure  4# 14)#  The  parameter  distribution 
function  gives  the  parameters  for  each  element  in  the  (m)  A— 
and  now  ( n— m )  B— units#  At  the  limit  with  an  infinite  number 


of  units  the  distribution  functions  can  be  written  as 
functions  of  one  variable  x:  E(  x ) ,  F( x )  and  C(x),  and  new 
T(  x ) •  Because  of  the  dependence  of  the  frictional  resistance 
on  the  confining  pressure  p,  the  distribution  function  F 
depends  on  the  two  variables  x  and  p,  F(x,p)#  Eovari 
calculated  convex  and  concave  post— peak  stress— strai n  curves 
as  a  function  of  the  ratio  between  the  minimum  and  maximum 
value  of  the  stiffness  distribution  function,  which  was 
assumed  to  be  linear#  Since  most  s tress— strai n  curves  are 
composed  of  a  convex  and  a  concave  portion,  two  blocks  of 
units  with  different  parameter  distribution  functions  had  to 
be  superimposed#  The  confining  pressure  effects  were 
simulated  by  expressing  the  strength  of  the  cracking 
elements  and  the  strength  of  the  frictional  elements  as  a 


■ 


208 


F igure 


T(n-m) 


#14  Continuous  Parameter  Distribution  Functions 
(a»b»c  after  Koveri  1 197*5  ) 
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function  of  a  hydrostatic  pressure  p.  In  suramary»  this  model 
allowed  the  simulation  of  uniaxial  and  triaxial  compression 
test  results  from  test  on  various  rock  types,  particularly 
for  the  two  rock  classes  suggested  by  Wawer si k( 1 968  )•  The 
model  explains  the  effects  of  machine  stiffness,  does  not 
include  hysteresis  in  a  reloading  cycle  and  describes  only  a 
so-called  "no- slip”  material,  where  the  reloading  modulus 
decreases  as  a  function  of  accumulated  strain.  Some  of  these 
deficiencies  could  be  overcome  by  adding  new  elements  to  the 
individual  units. 

From  the  discussion  of  the  proposed  ti me— dependent 
model  it  follows  that  a  portion  of  the  units  in  a  block  have 
t ime— dependent  properties.  For  the  simplified  assumption  of 
a  viscous  T— element  in  series  with  one  elastic  and  one  yield 
element,  a  fourth  parameter  T( x  )  for  ( n— m  )  units  has  to  be 
added  when  (m)  units  are  assumed  to  be  t ime— inde pendent • 
(See  Figure  4.14).  With  this  addition  it  is  possible  to 
calculate  the  stress— strain— time  relationship  as  a  function 
of  the  st ress— hi story.  The  formulation  adopted  by  Kovari  can 
be  expanded  to  calculate  the  internal  state  of  stress  as 
well  as  the  corresponding  deformation  at  a  specific  time. 
For  variable  loading  histories  an  incremental  approach  will 
be  necessary.  This  process  is  illustrated  graphically  in 
Figure  4.15  for  the  special  case  of  a  single  stage  creep 
test  on  a  rock  model  composed  of  elastic  E(  x )  , 
ti me— dependent  T( x  )  and  cracking  elements  C( x)  only. 


If  this  model  is  loaded  instantaneously  to  a  certain 
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Creep  Test  on  Model  with  Continuous, Linear 
Parameter  Distribution  Func ti or ;6=6 i 


F i gure  4  •  1 5 


21 1 


stress  level  6=6j  the  stiffness  Eo  is  given  by  the  elastic 
elements  in  parallel  Eo  =  ^Ei(x)»  (where  i  =  l,n),  the 
corresponding  external  strain  eo  =  Eo6t  and  the  internal 
stress  86i(x)  =  eoEi( x  )«  At  infinite  time  the  stiffness  will 
be  E  =  5,Ei(x),  (where:  i  =  ltm)t  the  external  strain  e  =  E  6 
and  S6i(x)=0  for  i>m  or  &6i(x)  =  eEi(x)  for  i<m,  since  the 
elastic  elements  in  series  with  the  dash  pots  will  not  carry 
any  load.  The  strain  rate  will  gradually  drop  from  an 
initial  maximum  to  zero  at  infinite  time.  The  external 
stress-s train-t ime  relationship  is  controlled  by  the 
differential  equation  of  a  three  parameter  solid  6  +  afi  =  Be 
+  ce,  where  at  b»  and  c  are  constants. 

At  a  higher  stress  level  6=63  the  model  might  initially 
still  behave  elastically  but  internal  stress  transfer  during 
creep  will  cause  yielding  of  some  C— elements.  The  constants 
in  the  differential  equation  will  change  as  units  are 
eliminated.  An  incremental  approach  will  most  likely  be 


needed 

to 

analyse 

the  model 

behaviour 

during  this  process. 

At  an 

even 

highe  r 

stress 

level  63 

stiff  units  will  fail 

during 

the 

initial 

loading 

process 

and  constants  in  the 

differential  equation  at  the  onset  of  a  creep  stage  will 
have  to  be  derived  from  the  properties  of  the  still  active 
elements.  The  response  and  behaviour  at  these  two  levels  is 
Illustrated  in  a  schematic  diagram  in  Figure  4.16.  To 
simplify  the  diagram  the  stress  level  is  assumed  to  be  the 
same  for  both  cases  but  two  strength  distribution  functions 


C(x)(II)  and  C(x)(  III)  have  been  used.  The  stress  level 
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E(x)  and  T(x)  same  as  in  Figure  4.1 5 


\ 

\ 

\ 


CO) 


Failure  after  t1 


Figure  4.16  Creep  Test  on  Model  with  Continuous,  Linear 
Parameter  Distribution  Function;  II)6=6|t  111)6=62 
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6(11)  is  therefore  lower,  relative  to  the  model  strength, 
than  the  stress  level  5(III).  Up  to  time  tj  stress  is 
transferred  (1)  to  the  time-independent  units  and  the 
behaviour  can  be  described  by  the  differential  equation. 
Further  stress  transfer  will  lead  to  collapse  of  a  number  of 
elements  ( e • g«  (1)  elements).  This  changes  a)  the  model 
parameters  and  the  constants  in  the  differential  equation  of 
the  model  and  causes  b)  an  additional  stress  transfer  to 
time-independent  units  (2  and  3)*  and  if  the  rate  is  high 
enough,  to  ti me— de pendent  units(4).  A  numerical  and 
iterative  program  could  be  developed  to  model  this  process. 

Depending  on  the  parameter  distribution  functions  (e.g. 
C( x ) )  different  strain— time  relationships  will  result.  For 
example,  as  shown  in  Figure  4.16  failure  will  start  in  both 
cases  at  time  t*  as  soon  as  the  unit  C(  n  )  is  overstressed. 
In  case  (III)  strain  will  gradually  increase  and  collapse 
occurs.  In  case  (II  )  the  strength  of  the  remaining  units  is 
high  enough  even  at  infinite  time  to  carry  the  applied  load 
and  the  deformation  rate  will  increase  initially  and  then 
decrease  during  stress  transfer.  The  deformation  will 
terminate  eventually.  More  complex  models  and  effects  of 
different  parameter  distribution  functions  can  be  evaluated 


by  the  proposed  mathematical  model. 
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±s.t  Summary  .and  Qnnnlnslonn 

A  phenomenological  model  for  time— dependent  failure 
processes  in  strain— weaken! ng  rock  has  been  presented, 
described  and  tested  qualitatively  on  published  test  results 
from  creep  tests,  relaxation  tests  and  variable  strain  rate 
tests*  The  model  Indicates  that  rock  basically  consists  of  a 
t ime— independent  and  a  time— dependen t  resistance  to 
deformation*  The  t i me— independent  resistance  is  mobilized 
and  the  strength  is  lost  as  a  function  of  total  accumulated 
strain*  The  ti me— dependen t  resistance  is  a  function  of 
stress-history*  Various  parameter  distribution  functions  are 
necessary  to  model  different  types  of  rocks  but  it  was  found 
that  the  proposed  model  can  describe  essentially  any 
observed  t ime— de pendent  rock  failure  behaviour*  Figure  4*17 
summarizes  in  schematic  stress— strain  diagrams  the  predicted 
response  of  the  model  to  various  stress  histories*  In  each 
diagram  hypothetical  curves  for 

—  the  "actual  peak  fracture  envelope"; 

—  the  current  long-term  strength  (a); 
and 


—  the  current  available  strength  (b) 

are  shown  to  facilitate  comparison*  Curve  (b)  represents  the 
current  available  strength  for  the  special  case  of  instant 
loading*  Any  other  stress-history  creates  its  own  current 
available  strength  curve*  It  may  be  observed  from  Figure 


4*17  that : 


Constant  strain 


rate  tests  may  or  may  not  reach  the 


. 
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•  1 1  Schematic  Stress-Strain  Diagrams  Predicted  by 

Proposed  Model 


F igure  4 
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"actual  peak  failure  envelope".  They  exhibit  a 
rate-dependent  ultimate  strength  (curves  (c)  and  (d)); 
Single-stage  creep  tests  fail  at  or  below  the  "actual 
peak  failure  envelope"  (curves  (e)  and  (f)); 
Multiple-stage  creep  tests  fail,  as  a  function  of 
stress-history,  at  or  below  the  "actual  peak  failure 
envelope",  but  not  necessarily  at  the  same  failure 
strain  as  single-stage  creep  tests  (curves  (g)  and  (h)); 
A  strain  rate  decrease  results  in  an  initially  faster 
strength  decrease  with  a  higher  ultimate  strength  (curve 
(  i  )  ). 

A  strain  rate  increase  results  in  a  secondary  peak 
strength  (  or  at  least  in  a  reduced  strength  loss  ) 
followed  by  a  more  rapid  strength  loss  and  a  reduced 
ultimate  strength  (curve  (k)); 

Single-stage  relaxation  terminates  at  the  current 
long-term  strength  (curve  (!))•  Relaxation  beyond  the 
long-term  strength  is  possible  in  the  post— peak  range  if 
t ime— independent  units  are  overstressed  due  to  energy 
release  from  t i me— dependent  units  during  the  relaxation 
period ; 

Mult i pie— stage  repeated  relaxation  tests  terminate  at 
the  long-term  strength  curve  before  the  long-term  peak 
strength  is  reached  and  thereafter  follow  a  path  (curve 
(m))  between  the  current  long-term  strength  and  the 

current  available  strength*  The  relaxation  rate  varies 

\ 

as  a  function  of  the  stress  level  relative  to  the 
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current  available  strength  and  the  extent  of  the  range 
between  the  current  available  strength  and  the  current 


long-term  strength* 

An  extensive  research  program  Is  necessary  to  test  this 
model ,  to  extend  the  phenomenological  model  into  a 
mathematical  model,  and  to  determine  the  parameter 
distribution  functions  for  various  classes  of  rock*  A 
possible  procedure  for  the  development  of  the  mathematical 
model  was  discussed  briefly* 

The  implications  of  the  proposed  model  with  respect  to 
the  behaviour  of  rock  masses  are  numerous*  Rock  masses 
behave  in  a  manner  similar  to  overstressed  "intact"  rock 
specimens  (Mueller  and  Goetz(1973))  and  exhibit*  in  general, 
a  less  brittle  stress— s tra in  relationship  (Reik  and 
Zacas(  1978 )  )•  The  model  may  be  used  to  simulate  rock  masses 
if  the  stress-history,  which  was  experienced  by  the  rock 
during  tectonic  and  man-made  stress  changes,  is  applied  to 
the  model  or  if  the  stre ss— st r ai n  curves  for  the  time  — 
independent  and  time— dependent  units  are  selected  so  that 
they  correspond  to  the  rock  mass  properties*  The  model 
should  predict  adequately  the  response  of  a  rock  mass  with 
time  due  to  a  given  stress  change  whenever  the  behaviour  is 
dominated  by  the  properties  of  overstressed  rock*  A  general 
discussion  of  the  implications  of  the  time-dependent  failure 
process  is  given  in  Chapter  1* 

Areas  of  application  of  the  presented  model  may  be 
separated  into  three  classes: 
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—  unconfined  failures  (  e«g«  rock  slope  stability); 

—  progressive  failures; 

—  confined  failures  (e#g#  underground  excavations)* 

From  the  model  it  can  be  concluded  that  unconfined  failures 
are  controlled  largely  by  the  long-term  peak  strength# 
Failure  initiation  leads  to  a  rapid  collapse#  This  failure 
mode  is  similar  to  failure  mode  during  creep  testing  and 
therefore  is  adequately  described  by  creep  tests# 

In  natural  materials*  even  under  uniform  load 
conditions  (e#g#  gravity)*  complex  stress  distributions  are 
created  within  the  rock  mass  due  to  stiffness  variations* 
discontinuities  and  the  roughness  of  such  discontinuities# 
Local  overstressing  and  stress— redistribution  as  simulated 
by  the  model  explains  progressive  failure  modes  in  materials 
with  t i me— dependent  strength  and  strain  —  weakening 
characteristics • 


High  stress  concentrations  are  created  near  openings 
and  may  cause  overstressing  of  rock  in  the  low— c onf inmen t 
area  near  the  opening#  As  a  consequence  of  time— dependent 
failure  or  yielding,  stresses  are  transferred  away  from  the 
opening  to  high— conf inement  areas#  Several  protective  shells 
are  developed  around  an  opening  (Mueller  e^t  al„*.(  1978  )  )•  The 
proposed  model  will  be  extremely  useful  in  numerical 
simulations  to  describe  this  process# 

In  opposition  to  the  case  of  unconfined  failures  the 
time-dependent  stress— redi str ibut i on  in  confined  conditions 
is  largely  controlled  by  the  visco— plastic  *  strain-weakening 
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CHAPTER  5 


DEVELOPMENT  OF  GEOMECHANICAL  MODELING  TECHNIQUE 

5 * 1 * 1  Reasons  for  Geomechanical  Model  Studies 
The  main  purpose  of  the  geomechenic al  model  studies 
reported  here  Is  to  evaluate  the  behaviour  of  cavities  in 
rock  masses  with  ti me— dependent  properties  and  particularly 
to  study  the  time— dependent  failure  process  in  overstressed 
rock  surrounding  cavities*  Our  understanding  of  the 
behaviour  of  overstressed  rock  masses  near  underground 
openings  is  poor  because  the  physical  failure  process  is  an 
extremely  complex  problem  and  is  not  fully  understood* 

Underground  cavities  are  often  expanded  to  collapse  or 
they  have  to  be  supported  to  allow  further  excavation*  As  a 
consequence,  the  rock  surrounding  the  opening  is 
overstressed  and  will  eventually  fail*  Because  of  the 
tl me— dependent  strength  of  these  rocks  and  the  confined 
conditions  around  an  opening,  a  progressive  failure  process 
and  stress  redistribution  develops*  This  process  controls 
the  behaviour  of  an  opening  and  depends  largely  on  the 
following  factors:  natural  state  of  stress  in  the  rock  mass; 
mechanical  properties  of  the  intact  rock  and  the 
discontinuities  of  all  sizes  which  control  the  properties  of 
the  rock  mass;  geometry  of  the  opening;  excavation  method; 
support  system;  and  construction  sequence,  with  time  as  an 
important  parameter*  The  importance  of  this  process  is 
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receiving  increased  attention  by  researchers  but  there  have 
been  only  limited  attempts  to  develop  cavity  support 
procedures  based  on  an  understanding  of  the  time— dependent 
strength  of  rock# 

There  are  two  promising  ways  to  attack  this  problem:  a 
study  of  case  histories,  or  the  use  of  physical  models# 
Ideal  case  histories  are  limited  in  number#  are  often  not  in 
the  public  domain#  and  extrapolation  to  other  sites  is  often 
not  possible#  Model  tests  have  the  drawback  that  artificial 
materials  have  been  used  in  the  past#  but  this  drawback  has 
been  overcome  through  the  selection  of  a  natural  material 
(coal)  which  represents  an  almost  ideal  model  material  for  a 
jointed  rock  mass  possessing  the  required  time— dependent 
properties#  Mathematical  or  numerical  models  cannot  be  used 
at  this  stage  since  the  purpose  of  this  research  is  to 
delineate  the  failure  process#  Nevertheless#  the  results 
from  Chapters  3  and  4  give  some  indication  as  to  how  the 
results  from  the  model  test  might  be  simulated  by  numerical 
models#  The  required  model  for  a  strain— weakening# 
visco-plastic  material  for  finite  element  modeling  is  not 
available  at  the  present  time  and  has  to  be  developed  for 
this  purpose# 

The  most  promising  technique  for  the  study  of  the 
tl me— dependent  behaviour  of  openings  in  rock  masses  appears 
to  be  the  use  of  geomechanical  models#  In  the  conventional 
technique,  a  small  scale  model  is  constructed  in  a  material 


which  accurately  represents  the  properties  of  the  actual 
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rock  mass  in  the  field.  All  other  conditions  such  as  stress 
state  and  boundary  conditions  are  then  selected  so  that  the 
requirements  of  similitude  are  satisfied.  The  behaviour  of 
the  model  then  represents  the  behaviour  of  the  prototype 
with  respect  to  stress,  strain  and  displacement 
distribution.  There  are  relatively  few  theoretical 
limitations  on  this  technique.  Elastic  and  inelastic 
material  as  well  as  failure  modes  can  be  simulated.  However* 
technical  problems  are  often  not  insignificant  and  it  is 
often  not  possible  to  satisfy  all  similitude  requirements. 

The  model  tests  undertaken  here  differ  from 
conventional  tests.  No  attempt  was  made  to  model  one 
specific  prototype  as  far  as  mechanical  properties*  geometry 
and  excavation  process*  are  concerned.  The  purpose  of  these 
model  tests  is  to  simulate  the  time— dependent  response  of  a 
rock  mass  to  a  given  stress— hi story  and  to  simulate  the 
time— dependent  failure  process  of  an  opening  in  a  strain  — 
softening  or  more  accurately  strain-weakening  material  with 
ti me— dependent  deformation  and  strength  properties. 

The  validity*  usefulness  and  theoretical  basis  of  model 
studies  in  general  and  of  structural  and  geomechanical 
models  in  particular  has  been  well  established.  Heuer  and 
Hendroni  1 971  )  give  a  brief  literature  review  and  summarize 
the  similitude  considerations  necessary  for  the  study  of 
underground  openings  in  rock  with  time-independent 
properties.  MandeK  1963  )  discusses  similitude  of 
time-dependent  materials  such  as  vi sco— elastic  and 
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vi sco— plast ic  materials. 


Many  investigators  did  not 


aspects  of  similitude  requirements 


conditions  or  material  properties 


of  limited  value*  The  test  system 


(  1969 )  overcomes  many  of  these 


decided  to  rebuild  and  modify  their 


important  factors  of  this  system  a 


of  materials  with  high  friction 


condition  while  controlling  fricti 


of  the  model*  In  addition,  the  s 


makes  strain  measurements  behind  th 


satisfy  some  critical 
such  as  boundary  loading 
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test  apparatus*  The  most 
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angles  in  a  plane  strain 
on  along  the  loaded  faces 
ystem  of  load  application 
e  tunnel  wall  possible* 


5*1*2  Scope  of  Study 

This  study  consisted  of  two  phases:  1)  the  development 
and  modification  of  the  geomechanical  modeling  techniques, 
and  2)  testing  of  coal  samples  to  study  the  pre-failure 
behaviour  of  an  opening  in  a  rock  mass  with  time— dependent 
deformation  properties*  The  first  phase  included  the 
development  of:  a)  the  test  frame  and  the  hydraulic  pressure 
system,  b  )  a  sampling  procedure  and  a  method  to  prepare  and 
Instrument  the  sample,  and  c)  the  data  processing  system*  In 
the  second  phase,  model  blocks  of  Jointed  coal,  without  or 
with  a  circular  unsupported  opening,  were  loaded  in  stages 
to  external  pressures  of  up  to  15  MPa,  more  than  two  times 
the  expected  unconfined  compressive  strength  of  the  coal* 


The  tunnel  closure  and  the  strains  within  the  model  mass 
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were  recorded  as  functions  of  time  during  5— day  periods  of 
constant  load*  The  ratio  between  the  vertical  and  horizontal 
stress  was  varied  between  tests*  The  results  of  these  tests 
are  compared  with  solutions  for  elastic  and  visco-elastic 
materials  to  contribute  to  our  basic  unders tandi ng  of  the 
behaviour  of  underground  openings*  This  information  is  most 
valuable  in  the  evaluation  of  the  results  from  a  third  phase 
on  which  Guenot  (1979)  has  reported*  He  describes  and 
discusses  the  data  recorded  during  the  collapse  of  a  tunnel 
in  a  coal  sample*  The  results  from  ell  three  phases  will  be 
valuable  in  planning  instrumentation  programs  for  field 
measurements  in  real  openings  and  assist  in  the  development 
of  the  observational  tunneling  method* 


5.J. 2l  Sfisfe 


Materials 


A  mixture  of  water»  plaster  of  Paris  and  sand  ( 
as  designed  by  Heuer  and  Hendron  ( 1969)  was  used 
preliminary  testing  to  check  the  loading  apparatus 
sample  instrumentation*  Since  the  results  from  the 
will  not  be  reported  in  this  thesis  further  detai 
this  material  are  omitted*  Nevertheless  it  is  of  int 
summarize  the  mechanical  properties  of  this  mi 
determined  by  Heuer  and  Hendron  (1971)  since  it  was 
calculate  the  capacity  of  the  test  frame*  The  mixtur 
average  angle  of  internal  friction  of  35  degree 
average  unconfined  compression  strength  of  4*15 
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was  about  1500,  which  is  higher  than  the  average  for  rock* 
The  Poisson's  ratio  was  found  to  be  strongly  influenced  by 
the  loading  path  but  assumed  to  be  higher  than  0*15* 

The  properties  and  origin  of  the  coal  used  as  a  model 
material  were  discussed  in  detail  in  Chapter  2*  The  average 
angle  of  internal  friction  is  30  degrees  and  the  average 
unconfined  compression  strength,  which  depends  largely  on 
the  structure  of  the  sample  tested,  was  estimated  from 
triaxial  tests  on  jointed  samples  and  at  low  confining 
pressure*  It  was  found  to  be  comparable  to  the  unconfined 
compression  strength  reported  for  the  sand— plaster  mixture 
(Heuer  and  Hendron,  1969)*  After  extensive  testing  of  coal 
blocks  it  was  realized  that  this  value  was  underestimated 
significantly  or  that  the  stress  concentration  near  the 
tunnel  was  much  less  than  predicted  from  linear  elasticity* 
The  unconfined  compesslon  strength  of  the  coal  would  have  to 
lie  between  8  and  12  MPa*  The  corresponding  ratio  of  Young's 
modulus  to  unconfined  compression  strength  is  about  200  for 
instantaneous  loading,  similar  to  an  average  for  rock,  and 
100  for  infinitely  slow  loading,  which  is  somewhat  lower 
than  average  for  rock*  The  Poisson' s  ratio,  calculated  by 
Guenot  (  1979)  from  tests  on  blocks  without  a  tunnel  and 
subsequent  tests  on  blocks  with  a  tunnel,  increases  with 
stress  level  from  close  to  zero  to  approximately  0*2  at 
field  stresses  of  6  MPa* 

Without  discussing  In  detail  the  theory  of  similitude 
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it  is  of  interest  to  mention  a  few  of  the  more  stringent 
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requirements  on  the  behaviour  of  model  materials  as  compared 
to  real  rock*  The  theory  of  similitude  requires  that 
Buckingham  pi-terms  containing  all  of  the  pertinent 
variables  which  influence  the  phenomenon  under  study  have  to 
be  equal  for  the  model  and  the  prototype*  For  actual  rock 
the  most  relevant  pi— terms  which  have  to  be  satisfied  are: 
5%<( 6i/6ff  )<10%;  250<(  E/6C X500;  25°<0<6O°;  0.1<nu<0.3.  The 
model  laws  require  further  that,  on  any  dimensionless  plot 
of  strength  (e*g*  normalized  to  65),  the  data  for  both  the 
model  and  prototype  materials  must  collapse  onto  a  single 
line*  Similarly  for  the  deformation  characteristics, 
normalized  stress— s train  curves  must  coincide*  This  implies 
that  the  two  materials  must  fail,  under  comparable  confining 
conditions,  at  the  same  strain*  Axial  failure  strains  for 
natural  rock  range  between  0*2  to  1*0%  in  unconfined 
compression  tests  and  1%  to  as  high  as  10  to  20%  in  triaxial 
compression  tests  at  confining  pressures  equal  to  the  rock* s 
unconfined  strength*  For  a  model  study  in  which  inelastic 
deformations  and  failure  conditions  are  important,  the  model 
laws  must  be  satisfied  as  nearly  as  possible*  Patterns  of 
stress  and  strain  distribution  differ  considerably  from 
those  of  the  prototype  if  these  model  laws  are  not  satisfied 
accurately* 

In  summary,  the  static  strength  and  deformation 
properties  compare  well  with  properties  of  real  rock*  A 


satisfactory  degree  of  similitude  is  achieved  but  extreme 


care  has  to  be  taken  when  results  of  inelastic  deformation 
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measurements  and  failure  modes  are  applied  to  real 
conditions#  Further  testing  to  determine  the  ■time-dependent 
material  properties  and  an  extensive  evaluation  of 
similitude  to  time  factors  is  relegated  to  further  research* 

5*2*1  Sampling  Procedure 

The  origin*  geology  and  location  of  the  coal  seam  from 
which  the  samples  were  collected  are  described  in  Chapter  2* 
The  following  describes  the  procedure  adopted  to  collect 
block  samples  of  approximately  90  by  90  by  45  cm  from  the 
top  of  the  upper  main  seam  in  the  west  pit  at  the  Highvale 
Mine  (Sundance)* 

The  usual  mining  procedure  of  removing  the  overburden 
by  dragline*  immediate  loosening  of  the  coal  seam  by 
blasting  and  subsequent  excavation  of  the  coal  by  a  power 
shovel,  was  altered  to  accommodate  a  one— week  sampling 
period*  Blasting  was  stopped  about  50  to  100  m  from  the 
sampling  site,  the  overburden  was  then  removed  by  dragline 
and  the  coal  surface  was  cleaned  by  a  bulldozer*  A  pattern 
for  9  samples  was  outlined  and  a  series  of  closely  spaced 
holes  (  d=6ctc  )  were  drilled  to  a  depth  of  at  least  2  m  (Plate 
5*l*a)*  The  rock  bridges  between  the  holes  were  removed  by 
hand-drilling  Inclined  2*5  cm  holes*  In  a  later  sampling 
program  these  rock  bridges  were  broken  to  a  depth  of  50  cm 
by  use  of  a  pneumatic  hammer  (Plate  5*l*b)*  The  coal  was 
then  excavated  on  two  sides  of  the  predrilled  sampling  area 
(Plate  5*2«a)  to  a  depth  of  approximately  1*5  m  by  a 
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of  Holes 
Breakage 


along  Sample  Boundaries 
of  Rock  Bridges 
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Plate  5*1  Drilling 
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around  Samples*  Breaking 
Loading  of  Samples 


Plate  5*2  Excavation 


off  and 
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bulldozer#  Depending  on  -the  composition  of  the  coal  and 
particularly  the  location  of  clay— shale  seams*  one  or  two 
levels  of  horizontal  holes  were  drilled  to  weaken  the 
bedding  plane#  Two  steel  rods  were  inserted  at  these  levels 
and  a  steel  cable  was  connected  to  each  end  of  these  rods 
and  to  the  blade  of  the  bulldozer  which  broke  the  sample  off 
and  loaded  it  on  to  a  truck  (Plate  5#2#b)«  The  samples  were 
then  trimmed  to  create  a  flat  support  area,  positioned  on 
foam  to  reduce  vibrations  during  transportation,  and 
strapped  and  prestressed  with  steel  bands  to  inhibit  tensile 
stressing#  Upon  arrival  at  the  laboratory  the  samples  were 
cleaned  (all  loose  material  was  removed)  and  sealed  with  two 
coats  of  latex#  The  samples  were  stored  in  a  humidified 
room# 

Before  testing,  the  samples  were  trimmed  to  size  (61  x 
61  x  20#3  cm)  by  Alberta  Granite  Marble  and  Stone  Co#  Ltd# 
This  company  owns  the  biggest  rock  saw  (4  foot  blade)  in 
Edmonton#  The  two  larger  sides  (61  x  61  cm)  had  to  be  cut 
from  two  sides#  This  created  alignment  problems  and  made 
additional  ( undesired)  handling  of  the  sample  necessary#  The 
coal  possesses  very  little  tensile  strength  perpendicular  to 
the  major  joint  set  and  perpendicular  to  the  bedding  plane# 
To  reduce  the  possibility  of  breakage  and  to  increase  the 
recovery  rate,  samples  were  strapped  after  each  cut  parallel 
to  the  next  cutting  plane#  Finished  faces  were  covered  with 
plywood  to  protect  the  sample  corners  and  to  distribute  the 
prestressing  stresses#  This  procedure  resulted  in  a 
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reasonabl e 


recovery  rate.  Visual  inspection  of  the  samples 


during  the  trimming  showed  that  ail  of  a  somewhat  descicated 
crust  of  approximately  5  cm  thickness  was  removed.  After 
trimming,  the  blocks  were  sealed  with  two  coats  of  latex, 
wrapped  in  plastic,  covered  with  plywood,  strapped  in  the 
three  principal  directions,  and  stored  at  10°C  and  100% 
humidi ty • 

5a 3  Mgdel  Xggt  Apparatus 

5.3.1  Introduction 

The  general  concept  of  the  equipment  described  below 
was  developed,  tested,  improved  and  modified  by  Heuer  and 
Hendron  (1969,1971).  The  extensive  evaluation,  description 
and  discussion  of  this  system,  of  all  successful  and 
unsuccessful  alterations,  and  the  consistent  results 
produced  by  these  authors  showed  that  an  extremely  versatile 
model  test  apparatus  had  been  developed  which  fitted  the 
proposed  research  objective.  Furthermore,  it  was  felt  that 
the  development  of  a  completely  different  system  would  cause 
a  delay  of  at  least  one  year.  The  strength  of  the  proposed 
model  material  was  estimated  on  the  basis  of  direct  and 
shear  test  data  (  Noonan(  1972))  and  found  to  be  almost 
identical  to  the  strength  of  the  model  material  used  for  the 
design  of  the  original  test  frame.  As  a  consequence,  it  was 
decided  to  rebuild  an  almost  identical  test  frame  and  to 
design  an  hydraulic  system  with  a  slightly  higher  capacity. 
A  brief  summary  of  the  original  design  and  a  detailed 
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description  of  all  alterations  is  given  in  the  following 
sect i ons • 

Heuer  and  Hendron  ( 1969»1971)  discuss  in  detail  the 
reasons  for  the  selection  of  the  final  model  conf igurat i on t 


boundary 


condi t ions  y 


design  criteria  and  various 


unsuccessful  attempts  to  satisfy  these  requirements*  The 
major  points  which  were  considered  in  the  design  of  the 
model  test  system  are  summarized  in  the  following  list* 

1*  A  circular,  cylindrical  opening  can  be  excavated  easily 
by  coring  and  simple  mathematical  solutions  are 

available  for  comparison* 

2*  The  model  should  be  as  small  as  possible  for  economy  but 
as  large  as  possible  for  technical  reasons*  The  only 
modeling  requirements  on  linear  dimensions  are  that  the 
ratio  of  joint  spacing  to  tunnel  diameter  be  modeled 
accurately,  and  that  the  block  be  at  least  4  to  6  tunnel 
diameters  in  width  so  that  a  relatively  uniform  "free 
field  stress  state"  can  be  achieved*  A  tunnel  opening  of 
10  to  15  cm  is  desirable  to  reduce  complications  during 
the  installation  of  the  Instrumentation  to  measure 

tunnel  closure* 

3*  Body  forces  are  neglected  as  a  matter  of  convenience* 

The  position  of  the  block  with  the  tunnel  vertical 

greatly  simplifies  the  design* 


Varl ous 


N 


values  (N=6fc/6y)  with  uniform  pressure 


distribution  along  the  block  sides  are  desirable* 

Plane  strain  conditions  with  no  strain  in  the  direction 


5. 


' 


~ 


233 


of  the  tunnel  axis  best  represent  the  field  conditions* 
Three  possible  techniques  were  evaluated:  uniform 

pressure  application,  rigid  heads  and  load— controlled 
rigid  heads*  The  latter  was  selected  after  extensive 
eva luati ons* 

6*  Under  plane  stress  condition  shear  failure  into  the 
unloaded  face  could  develop  but  plane  strain  condition 
do  not  eliminate  this  possibility  completely* 

7*  The  frictional  resistance  between  the  model  block  and 
the  rigid  heads  should  be  minimal*  A  extensive  testing 
program  showed  that  a  waxpaper— teflon- teflon— waxpaper 
sandwich  with  a  friction  angle  of  3°  was  the  best 
solut ion* 

8*  On  the  basis  of  a  minimum  stress  concentration  factor  of 
two  and  the  assumption  that  the  unconfined  compression 
strength  (4  MPa)  should  be  exceeded  by  at  least  a  factor 
of  three,  the  load  frame  and  hydraulic  system  have  been 
designed  for  7  MPa  lateral  or  vertical  field  stress 
( Heuer  and  Hendront  1969  ),  Figure  44)*  (The  University  of 
Alberta  version  of  the  loading  frame  was  later 

strengthened  to  accommodate  more  than  twice  this  design 
load  and  was  used  at  field  stresses  of  up  to  16  MPa)* 

9*  For  a  Poisson* s  ratio  less  than  0*25  and  N  greater  than 
1/3,  the  longitudinal  stress  is  the  minor  principal 
stress*  Failure  of  the  intact  block  should  not  occur 

except  if  N  is  less  than  one  and  if  the  Joints  have  low 

\ 

cohesive  and  frictional  resistance  (Heuer  and 
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Hendron( 1969 ) ,  Figures  45  to  48 )• 

10*  To  maintain  plane  strain  conditions  the  longitudinal 
expansion  of  the  model  should  be  restricted  to  the  order 
of  less  than  0*01  mm  (  this  value  is  a  function  of  the 
material  properties)* 

11*  A  flexible,  lateral  loading  system  (sets  of  triangles) 
was  selected  to  accommodate  1  to  2  cm  of  lateral 
movement  and  non— uniform  deformations* 

12*  The  load  is  applied  actively  to  all  four  sides  of  the 
block  to  maintain  loading  symmetry,  to  keep  the  tunnel 
axis  stationary  with  respect  to  the  loading  frame  and  to 
have  symmetric  distribution  of  the  frictional  resistance 
between  longitudinal  loading  heads* 

Our  experience  shows  that  these  criteria  resulted 
in  unsatisfactory  conditions  especially  for  long-term 
testing*  Firstly,  the  sample,  loaded  by  8  “point  loads". 
Is  free  to  rotate*  Such  a  rotation  actually  occurred 
when  the  rams  were  not  aligned  perfectly  or  after  some 
translational  movement  had  occurred  due  to  small  load 
differentials  between  rams*  These  load  differentials 
were  not  detected  by  Heuer  and  Hendron  (1969,  1971) 

since  they  did  not  measure  the  load  between  ram  and 
sample*  During  long-term  testing  the  ram  friction 
changes  from  static  to  dynamic  friction  as  soon  as  the 
ram  moves  and  may  reach  relatively  high  values  if  the 
direction  of  the  ram  movement  is  reversed*  Translation 


of  the  sample  causes  a  slight  rotation  of  the  rams 
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resulting  in  a  force  couple*  The  effects  on  the  stress 
and  strain  distribution  in  the  sample  may  be 
undetectable,  but  this  force  couple  may  cause  rotation 
of  the  sample  because  of  the  low  frictional  resistance 
between  the  longitudinal  loading  heads  (0=3°,  the 
longitudinal  stress  6J.  is  small  especially  if  the 


Poisson' s 

ratio 

is 

small)*  Secondly, 

it  was  observed 

that  the 

load 

measured  between  the 

sample  and  rams 

pressured 

from 

one 

pump  varied  up  to 

about  10%*  This 

occurred 

when 

the 

sample  translated 

or  started  to 

rotate*  Again,  it  is  felt  that  the  internal  ram  friction 
and  particularly  the  difference  between  static  and 
dynamic  friction,  as  a  function  of  movement  direction, 
was  the  reason  for  this  load  variation*  A  test  set-up 
with  two  passive  reactions  and  individually  controllable 
rams  would  be  advantageous* 

13*  The  stress  distribution  within  a  test  block  was 
evaluated  by  internal  strain  measurements  and  crack 
pattern  studies  of  samples  sprayed  with  a  brittle 
lacquer  coating*  It  was  found  that  a  uniform  strain 
distribution  was  reached  at  less  than  4  cm  from  the 
sample  boundaries* 

5*3*2  Description  of  the  Model  Loading  System 

The  original  design  is  described  by  Heuer  and  Eendron 
(1971)*  In  the  following  only  a  brief  description  of  the 
major  unaltered  parts  together  with  a  discussion  of  the 


modifications  is  given* 


Working  drawings  are  given  in 
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Appendix  A5 •  An  overview  of  the  loading  frame  is  given  in 
Plate  5*3* 

Longitudinal  Restraint  and  Reaction  Frame:  The  sample 
is  oriented  with  the  tunnel  axis  in  the  vertical  direction 
and  the  plane  strain  condition  is  maintained  by  a  controlled 
rigid  longitudinal  loading  head  (Figure  A5*l)*  The  sample 
sits  on  a  passive  reaction  head  composed  of  a  concrete  block 
(covered  with  a  steel  plate)  above  the  lower  longitudinal 
reaction  head  (Figure  A5*2)*  On  the  opposite  side  a  rigid 
loading  head  (Figure  A5*3)  is  pressed  actively  by  four  rams 
against  the  upper  longitudinal  reaction  head  (Figure  A5*4) 
and  the  sample  top*  Two  channel  irons  instead  of  stiffener 
bars  are  used  in  our  version  of  the  upper  reaction  head  to 
facilitate  testing  of  smaller  (lxl  foot)  samples  with  only 
one  ram  per  sample  face*  The  displacement  of  the  loading 
head  is  measured  relative  to  the  passive  reaction  head  and 
longitudinal  expansion  is  nulled  by  load  application  through 
the  four  rams*  The  deformation  measuring  devices  (dial 
gauges  and  LVDTs )  are  mounted  on  rods  which  are  fixed  to  the 
steel  plate  between  the  concrete  block  and  the  bottom  face 
of  the  sample  block*  The  loads  are  recorded  on  four  load 
cells;  this  allows  the  calculation  of  Poisson's  ratio  in  the 
longitudinal  direction  (perpendicular  to  the  bedding  plane)* 
Values  of  less  than  0*1  have  been  measured*  The  hydraulic 
system  is  designed  to  supply  and  maintain  constant  oil 

pressure  for  each  ram  or  to  pressure  each  ram  individually 

\ 

by  hand  and  lock  in  oil  pressure*  Even  though  the  hydraulic 
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Plate  5«3  Loading  Apparatus 
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system  is  quite  versatile*  a  certain  experience  is  necessary 
to  prevent  translational  or  rotational  movement.  Note  that 
the  loading  head  contains  a  removable  steel  plate.  This 
allows  pressurization  of  the  full  face  during  tests  without 
a  tunnel,  or  insertion  and  adjusting  of  instrumentation 
through  a  hole  in  the  steel  plate  during  testing  with  a 
tunnel,  or  visual  observations  of  fracture  development. 

Cantilevered  Lateral  Reaction  System:  A  symmetric 
cantilever  with  movable  special  steel  tie  rods  was  designed 
to  inhibit  bending  stresses  due  to  eccentric  force 
application  and  for  simplified  sample  installation.  For 
those  members  in  which  deformation  was  not  a  controlling 
factor,  the  reaction  frame  was  designed  for  extreme  fiber 
stress  of  138  MPa  in  both  tension  and  compression  in  the 
rolled  steel  sections,  which  were  of  A36  steel.  The 
horizontal  and  vertical  tie  rods  were  subjected  to  higher 
stresses  in  the  threaded  sections,  and  were  of  higher  yield 
steel  (H.T.SPS).  The  capacity  of  the  original  design  was 
increased  after  an  initial  testing  period  by  welding 
additional  angle  irons  to  the  cantilever  and  improving  the 
conditions  at  points  of  load  transfer  at  the  horizontal 
reaction  heads.  The  modified  design  and  a  general  view  of 
the  lateral  loading  assembly  are  shown  in  Figure  A5.5,  A5.6, 
and  A5.7.  The  last  figure  indicates  schematically  and  Plate 
5.4  shows  how  the  load  is  transferred  from  the  rams  through 
the  load  cell  and  a  set  of  triangles  to  the  sample.  Heuer 
and  Hendron  (  1969,  1971  )  proved  that  this  system  leads  to  a 
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Plate  5*4  Lateral  Load  Distribution  by  Triangle  System 
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satisfactory  stress  distribution  within  the  test  block*  The 
load  cells*  which  were  added  to  determine  the  exact  load 
distribution*  are  hollow  aluminium  cylinders  with  internally 
mounted  strain  gauges*  These  load  cells  are  positioned  on  a 
flat  surface  on  one  side  and  on  a  lubricated,  spherical 
seating  on  the  other  side  to  ensure  that  no  bending  moments 
are  introduced* 

Hydraulic  Loading  System:  This  system  consists  of  three 
major  parts:  12  rams;  a  pressure  console  with  three 
Haskel- pneumatic  pumps;  and  a  safety  system  to  prevent 
damage  of  the  instrumentation  during  tunnel  collapse,  power 
failure  or  sample  rotation* 

The  hydraulics  was  designed  to  our  specifications  by 
Northern  Hydraulics  Ltd*  *  Edmonton*  The  double  acting 
hydraulic  rams*  with  a  piston  area  of  129  cm2,  have  a 
capacity  of  890  kN  at  69  MPa  maximum  oil  pressure*  The  rams 
are  controlled  in  groups  of  four  from  a  console  with  three 
pneumatic  (air  —  over  —  oil)  pumps  with  a  pressure 
multiplication  factor  of  100*  A  schematic  drawing  of  the 
hydraulics  is  given  in  Figure  A5*8  and  the  console  is  shown 
in  Plate  5*5*  Air  pressure  of  maximum  1*7  MPa  is  normally 
supplied  by  an  air  compressor  or  from  a  general 
ai r— supply— system  (maximum  0*5  MPa)  in  case  of  a  power 
failure*  The  switching  is  automatic  if  the  required  pressure 
is  less  than  0*5  MPa  and  manual  with  a  24— hour  alarm  system, 
otherwise*  This  is  necessary  since  a  small  pressure  drop 


below  the  required  level  may  result  in  a  differential  load 
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Plate  5« 5  Pressure  Control  Systems  and  Data  Acquisition 

System 
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on  the  rams  if  one  ram  is  leaking  internally# 

The  dewatered  and  cleaned  air  is  regulated  to  the 
required  pressure  which  is  then  multiplied  100  times  by  a 
pneumatic  pump#  A  separate  air  lire  (not  shown  in  Figure 
A5#8)  is  used  to  move  a  pilot  valve  in  the  pump  which 
otherwise  would  move  too  slowly  due  to  the  air— f low-volume 
restriction  in  the  regulator#  From  this  pump  the  oil  flows 
through  a  high  pressure  hose/valve  system  to  the  rams#  The 
magnitudes  of  the  air  and  the  oil  pressures  are  displayed  on 
the  console,  a  reversal  valve  allows  retreat  of  the  pistons 
and  a  fine  bleed-by  valve  together  with  an  air-pressure 
reduction  is  used  to  unload  the  sample#  A  hand  pump  was 
installed  in  parallel  with  the  pneumatic  pump  to  maintain 
the  pressure  during  air  pressure  loss  and  to  control  each 
ram  individually  by  locking  the  remaining  rams#  A  special 
arrangement  which  allows  operation  of  each  ram  without 
locking  other  rams  was  used  for  the  longitudinal  rams# 

This  system  can  maintain  pressures  over  a  period  of 
five  or  more  days  with  pressure  fluctuations  of  less  than 
one  percent  (see  Figure  5 #2)#  The  cycling  of  the  pumps 
introduces  load  variations  of  less  than  0#1%  and  the  number 
of  cycles  per  hour  depends  entirely  on  the  internal  leakage 
of  the  rams  and  the  leakage  of  the  hoses#  This  points  out 
the  two  most  critical  factors  of  the  hydraulic  pressure 
system#  It  is  almost  impossible  to  prevent  these  leaks  at 


pressures  of  70  MPa#  Extreme  care  must  be  taken  when 


handling  high  pressure 


hoses  to  prevent  any  bending  near  the 
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connections#  As  far  as  the  rams  are  concerned,  there  is  a 
trade-off  between  internal  leakage  and  ram  friction#  It  was 
found  that:  (a)  low  pressure  seals  are  easily  damaged  after 
one  or  two  loading  cycles  but  prevent  high  ram  friction;  (b) 
high  pressure  seals  are  adequate  at  high  pressures  but  are 
too  stiff  to  provide  a  good  seal  at  lower  pressures,  and 
high  ram  friction  must  be  accepted#  Two  additional  factors 
have  to  be  considered  in  the  design  of  high  pressure  rams 
for  long-term  use:  (a)  the  wall  thickness  or  the  material 
type  has  to  be  selected  such  that  barreling  during  operation 
is  less  than  the  tolerance  required  for  the  seals;  (b)  the 
ram  should  be  short  and  capable  of  operating  with  the  piston 
close  to  the  bottom  of  the  ram#  This  reduces  the  pressured 
section  of  the  ram  and  prevents  barreling  and  therefore 
leakage# 

NOTE:  All  rams  are  designed  for  69  MPa  but  the  piping 
for  pump  number  three,  for  the  longitudinal  rams,  was 
designed  for  41  MPa  only#  Eight  new  rams  with  high  yield 
steel  were  built  and  are  marked  accordingly# 

Safety  System:  Ml cro— switches  were  installed  at  each 
ram  to  turn  off  the  air-pressure  as  soon  as  excessive 
movement  occurs#  This  prevents  damage  of  instruments  during 
collapse  of  the  tunnel,  unexpected  failure  of  the  model 
block  or  undesired  (but  possible)  rotation  of  the  sample 
block#  These  switches  are  powered  from  a  battery  and  are 
therefore  active  during  power  or  air  pressure  failure# 
Another  safety  system  turns  off  the  high  pressure  air  system 
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if  the  switch  to  tower  air  pressure  was  activated*  This 
prevents  uneven  reloading  by  the  automatic  pressure  system* 

The  system  described  has  been  used  successfully  during 
continuous  test  periods  of  more  than  three  months* 

Data  Acquisition  System:  The  data  from  alt  load  cells 
and  deformation  measuring  devices  ( LVDTs  )  are  recorded 

automatically*  About  50  Instruments  are  scanned  in  even  time 
intervals  of  less  than  a  minute  up  to  several  hours  by  a 
Fluke  2240B  Datalogger*  The  readings  are  recorded  by  a 
Silent  700  ASR  terminal  on  tape  and  paper,  and  can  be 

transferred  to  the  central  computer  between  recordings 
(Plate  5*5)*  The  data  may  then  be  processed  from  the  same 
terminal  and  the  results  may  be  plotted  on  a  Tectronix  4014 
or  a  hard  copy  may  be  obtained*  The  data  transmission  and 
processing  takes  in  general  less  than  one  hour  from  the  time 
the  last  reading  was  taken  to  the  point  where  the  processed 

results  can  be  examined  on  the  Tectronix*  This  procedure 

allows  examination  of  data  from  a  loading  increment  before 
the  next  increment  is  applied*  Unprocessed  data  can  be  used 
in  the  meantime  to  evaluate  the  test  performance* 

5*3*3  Instrumenta tion,  Preparation  and  Installation  of  Model 
Blocks 

All  model  blocks  of  coal  tested  were  installed  with  the 
following  parameters  fixed:  unlined  tunnel  with  a  tunnel 


diameter  of 

12*5 

cm,  bedding 

plane  perpendicular 

to 

the 

tunnel  axis 

and 

major  joint 

set  inclined  at  45° 

to 

the 
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•tunnel  axis*  The  following  measurements  were  taken  during 
the  duration  of  each  test !  loads  applied  by  each  ram  to 
sample,  overall  straining  of  the  block,  strain  measurements 
Inside  the  test  sample  by  ext en some ters  measuring  over  an 
average  distance  of  5  cm  at  distances  of  approximately  1.75 
and  2.5  times  the  tunnel  radius  from  the  tunnel  axis,  and 
the  tunnel  closure  in  four  directions  (parallel, 
perpendicular  and  at  45°  to  the  Joint  direction). 

Sample  Instrumentation:  The  tunnel  closure  was  measured 
by  LVDTs  (with  a  range  of  ±2.5  mm)  mounted  on  a  stand  fixed 
to  the  steel  plate  below  the  sample.  The  cores  of  the  LVDTs 
were  spring  loaded.  The  set  up  was  such  that  two  LVDTs 
mounted  on  one  diagonal  measured  points  on  two 
circumferences  approximately  1.5  cm  apart  and  LVDTs  oriented 
in  different  directions  measured  points  on  two 
circumferences  approximately  2.5  cm  apart.  Closure 
measurements  were  therefore  made  over  about  50%  of  the 
tunnel  length.  In  a  newer  development,  two  LVDTs  were 
mounted  on  the  same  axis  with  the  cores  pressured  towards 
the  tunnel  wall  by  a  spring  in  between  the  two  LVDTs.  A 


picture 

of 

this  set— up 

is  shown  in 

Plate  5. 

6  The  distance 

between 

the 

dl agonal s 

is  about  2.5 

cm.  The 

tunnel  closure 

has  to 

be 

calculated 

in  both  systems  from 

the  difference 

between  two  LVDT  readings. 

The  overall  straining  was  calculated  from  the 

displacement  difference  measured  from  stands  fixed  to  the 

\ 

steel  plate,  to  pointers  on  opposite  sides  of  the  sample. 
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Plate  5«6  Instrumentation  for  Tunnel  Closure  Measurements 
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These  pointers  have  been  grouted  into  the  sample  at  a  depth 
of  3  cm* 

Extensometers  were  used  to  measure  average  radial 
strain  within  the  sample  mass*  The  system  which  was  used 
initially  is  shown  in  Plate  5*7*  Two  7  mm  holes  were  drilled 
2*4  cm  apart,  perpendicular  to  the  tunnel  axis  to  depths  5 
cm  apart*  Two  pipes  with  3  mm  outside  diameter  were  inserted 
into  these  holes  with  washers  fixed  to  them  at  a  distance  of 
1  cm  from  the  end*  F ive-minut e— epoxy  was  then  forced  through 
this  pipe  to  grout  the  split  end  of  the  pipe*  The  volume  of 
the  epoxy  was  controlled  by  filling  the  pipe  before  it  was 
inserted  into  the  hole*  An  LVDT  was  fixed  to  one  pipe  and 
the  core  of  this  LVDT  was  pressed  by  a  spring  onto  a  pointer 
mounted  on  the  other  pipe*  This  system  worked  in  general 
satisfactorily  except  if  one  pipe  was  bent  during  the 
loading  process*  This  rotational  movement  of  the  LVDT  caused 
questionable  radial  strain  measurements  in  some  cases* 

As  a  consequence,  the  following  new  system  was 
developed  and  used  since*  One  10  mm  hole  is  drilled  first 
and  then  extended  by  a  7  mm  hole*  In  this  case,  both  anchors 
of  the  extensometer  are  installed  in  one  hole*  First,  a 
stainless  steel  1*2  mm  rod  is  grouted  to  the  end  of  the 
hole,  then  a  stainless  steel  pipe  (3  mm  OD  )  is  inserted  over 
the  rod  and  grouted  5  cm  further  back*  The  grouting 
procedure  had  to  be  altered  since  there  was  no  space  to 
inject  glue  besides  the  rod  or  the  pipe*  A  tight  teflon 


washer  is  located  approximately  3  cm  behind  the  tip  of  the 
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Plate  5*7  Old  Extensometer  to  Measure 


Internal  Strain 
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rod  or  pipe,  Colma-Dur  Gel,  a  paste-like  glue,  is  then 
painted  around  the  end  of  the  rod  (or  pipe)  and  carefully 
Inserted  into  the  hole*  The  teflon  washer  is  then  pushed  by 
a  pipe  of  larger  diameter*  This  teflon  washer  pushes  the 
glue  ahead  and  compacts  it  against  the  end  of  the  hole*  For 
the  second  anchor  a  rubber  washer  is  positioned  at  1  cm  from 
the  end  of  the  pipe  and  the  glue  is  forced  towards  this 
washer*  After  testing,  all  instruments  were  excavated  and 
the  bond  between  rod  or  pipe  and  sample  was  checked*  The 
exact  location  of  the  first  and  second  washer  was  measured 
before  testing*  A  protection  rod,  with  the  same  outside 
diameter  as  the  hole,  is  inserted  over  the  extensometer  to 
reduce  friction  during  testing  and  to  reduce  the  effects  of 
the  holes  on  the  sample  stiffness*  Outside  the  sample,  the 
LVDT  is  fixed  to  the  pipe  and  the  core  of  the  LVDT  is 
connected  to  the  rod*  Plate  5*8  shows  this  set-up  and  a  rod 
which  was  excavated  after  testing* 

Sample  Preparation:  The  pretrimmed  sample  is  taken  from 
the  moist— room  and  all  sides  are  sanded  with  coarse 
sandpaper  and  to  insure  that  all  faces  are  planar*  At  this 
stage  all  surfaces  are  mapped  carefully*  Because  of  the  low 
tensile  strength  of  the  joints  and  bedding  planes  it  is 
often  necessary  to  infill  small  broken  off  corners  or  joint 
blocks*  Sulfaset  190  (a  stiff,  high  strength  grout)  is  used 
for  these  repairs*  This  may  create  some  stress 

concentrations  near  the  boundary  but  assures  plane  strain 

\ 

conditions*  The  sample  is  then  placed  in  an  aluminium  mould 


' 


ft  ■  .  I 


■ 


250 


Plate  5.8  New  Extensometer 


to  Measure  Internal  Strain 
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with  removable  sides  (Plate  5.9)  •  The  top  face  is  cast  with 
plaster  of  Paris  (about  3  mm  thick)  and  covered  with 
waxpaper  -  teflon  —  teflon  —  waxpaper  sandwich  before  the 
mould  is  closed  and  loaded  with  the  loading  head*  After  one 
day  the  sample  is  turned  over  and  the  other  face  is  cast* 
This  time  the  loading  head  is  put  directly  onto  the 
waxpaper— teflon  sandwich  since  this  side  will  be  the  top 
face  of  the  sample*  After  the  plaster  has  gained  its 
strength  the  loading  head  is  removed,  the  mould  is  closed 
and  the  remaining  faces  are  cast  in  a  similar  manner  until 
the  whole  sample  is  covered  with  plaster  of  Paris  and 
waxpaper*  The  sample  is  now  ready  to  be  instrumented.  Holes 
are  drilled  parallel  to  the  bedding  planes  near  the  centre 
of  the  sample*  During  the  drilling  the  sample  has  to  be 
confined  to  inhibit  tensile  cracking  due  to  wedge  action  of 
the  drill*  The  sample  is  then  transported  to  the  testing 
machine,  the  mould  is  removed  (except  the  bottom  plate),  the 
holes  are  surveyed  carefully  and  the  extensome ters  and 
protection  rods  are  Installed*  The  sample  is  centered  in  the 
test  frame  and  the  vertical  and  lateral  loading  heads  are 
installed*  Finally  the  LVDTs  are  mounted*  At  this  stage 
zero— readings  for  loadcells  and  LVDTs  are  taken* 

5*3*4  General  Loading  History 

The  loading  history  consists  of  two  phases*  During 
phase  one,  the  test  sample  is  tested  without  a  tunnel  to 


determine  the  material  deformation  properties  and  their 
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Plate  5. 9  Coal  Sample  In  Mould  Ready  for  Casting 
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distribution  within  the  sample*  For  a  homogeneous,  isotropic 
material  all  instruments  should  theoretically  show  identical 
stress-strain  curves  as  long  as  the  stress  ratio  between 
horizontal  and  vertical  field  stress  is  unity.  In  the  second 
phase,  after  the  sample  is  unloaded,  the  Instrumentation  and 
the  loading  heads  are  removed  and  the  tunnel  is  drilled 
through  the  sample  (Plate  5.10).  The  tunnel  is  sealed 
immediately  after  drilling  with  at  least  two  coatings  of 
latex  and  the  sample  is  returned  to  its  proper  location,  the 
instrumentation,  including  the  tunnel  closure  measuring 
device  and  the  loading  heads,  is  then  installed.  The  core 
recovered  from  the  tunnel  is  mapped  carefully  and  the 
moisture  content  is  determined.  The  core  was  usually  broken 
along  bedding  planes  and  could  not  be  used  for  strength 
testing.  After  the  zero— readings  have  been  taken,  the  sample 
is  loaded  in  small  increments  of  0.5  MPa  to  a  certain  stress 
level  where  the  deformations  are  recorded  during  a  constant 
load  test  for  time  intervals  up  to  5  (maximum  10)  days. 
Further  increments  and  creep  tests  follow  until  the  capacity 
of  the  testing  frame  is  reached  or  the  tunnel  collapses. 
Increments  between  stress  levels  end  the  length  of  creep 
periods  are  normally  kept  constant  except  near  failure. 
After  the  test  is  terminated  the  sample  is  unloaded  and  the 
recovery  behaviour  is  recorded  for  at  least  5  to  10  days. 

During  loading  the  plane  strain  condition  is  maintained 
by  application  of  a  longitudinal  load  according  to  a 
precalculated  value  or  until  the  dial  gauge  (with  one 
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Plate  5« 10  Drilling  of  Tunnel  through  a  Coal  Sample 
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hundredth  of  a  millimeter  accuracy)  indicates  compression# 
This  load  is  normally  high  enough  to  prevent  expansion 
during  application  of  the  lateral  load  increment*  Friction 
in  the  rams  prevents  this  expansion*  The  movement  of  the 
longitudinal  loading  head  is  recorded  continuously  and  any 
movement  is  stopped  immediately  by  load  adjustment*  Due  to 
compaction  of  the  coal  with  time  it  is  often  necessary  to 
unload  slightly  during  a  creep  stage* 

If  the  tunnel  has  not  collapsed  and  no  plastic  zone  of 
significant  extent  has  been  created,  the  test  procedure  is 
repeated  (after  recovery)  with  a  different  N— value  (for  Test 
MC-2  with  N=0.75,  0.5,  0*33,  or  0.2). 

5*3*5  Data  Processing 

Several  computer  programs  have  been  written  to 
calculate  and  plot  stresses  and  strains  from  recorded  data* 
Calibration  curves  have  been  fitted  by  regression  analysis 
with  linear,  bi-linear  or  power  functions  and  these 
functions  have  then  been  used  to  calculate  the  load  and 
deformations*  The  dimensions  of  the  original  sample  and  the 
measured  distance  between  anchors  before  -the  test  were  then 
used  to  calculate  stresses,  strains  or  closure  ( =def ormation 
of  tunnel  wall/tunnel  radius)*  The  results  have  been  plotted 
on  four  types  of  diagrams  as  shown  in  Figure  5*1  and  5*2*  It 
is  the  purpose  of  this  section  to  familiarize  the  reader 
with  the  method  of  data  presentation*  Only  specific  points 


will  be  discussed  on  graphs  presented  later* 
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5.1  Typical  Stress  versus  Strain  and  Strain  versus 

Time  Plot 
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Figure  5*2  Typical  Leg  Strain  Rate  versus  Log  Time  and 
Normalized  Stress  versus  Log  Time  Plot 
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Stress  versus  Strain  Plot:  All  records,  with  the 

exception  of  the  data  recorded  during  creep  tests,  are 
plotted  and  Joined  by  straight  lines*  Every  thirtieth  point 
is  plotted  with  a  symbol*  The  meaning  of  this  symbol  is 
indicated  in  the  upper  right  hand  corner  in  e  schematic 
diagram  of  the  sample*  The  outline  of  the  sample,  the  Joint 
orientation  (two  lines  from  opposite  corners),  the  tunnel 
(full  circle)  and  the  location  of  the  two  rows  of  internal 
instruments  (dashed  circles),  as  well  as  the  approximate 
location  of  the  instruments  whose  readings  are  plotted  are 
indicated*  The  axes  are  labeled  "Surface  Stress  Vertical" 
for  the  applied  field  stress  in  the  vertical  direction  and 

"Average  Strain  %"  for  overall  strain  or  average  internal 

strain  or  tunnel  closure  (=tunnel  wail  deformation  divided 
by  tunnel  radius)* 

Strain  versus  Time  Plot:  All  records  are  plotted  and 
connected  with  straight  lines*  Every  thirtieth  record  is 

plotted  with  a  symbol  whose  meaning  is  indicated  in  the 
schematic  diagram*  In  addition,  the  N— value,  the  vertical 
surface  stress  and  TZERO,  the  time  at  the  beginning  of  the 
creep  stage,  are  shown*  The  time  axis  is  labeled  "Eel*  Time" 
to  indicate  that  the  time  is  related  to  the  beginning  of  the 
creep  stage* 

Normalized  Stress  versus  Log  Time:  Each  stress 

measurement  is  normalized  to  the  average  stress,  calculated 

separately  for  each  stress  direction  over  the  whole  creep 

\ 

stage*  The  example  shows  that  it  is  possible  to  maintain  the 
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stresses  over  a  period  of  180  hours  with  a  variation  in 
stress  of  less  than  ±0*5%* 

Log  Strain  Rate  versus  Log  Tine:  The  strain  rate  was 
calculated  in  the  following  manner:  The  strain  rate  is  the 
slope  of  a  line  calculated  by  linear  regression  through 
three  data  points  and  is  plotted  at  the  time  corresponding 
to  the  mid— point#  These  three  points  are  selected  by  the 
following  procedure:  if  the  time  from  the  beginning  of  the 

creep  test  is  less  than  one  hour*  consecutive  points  are 
taken;  if  the  time  is  between  one  and  twenty  hours  every 
second  point  is  considered;  and  if  the  time  is  greater  than 
twenty  hours  every  third  point  is  selected*  This  results  in 
an  increased  smoothenlng  process  as  time  increases  and  the 
recorded  strain  differences  become  smaller*  If  the  strain 
rate  is  negative  it  is  plotted  as  a  triangle  and  if  it  is 
positive  no  symbols  are  plotted  but  all  positive  strain 
rates  are  connected  by  a  straight  line*  These  points  are 
connected  even  if  there  are  negative  strain  rates  between 
positive  strain  rates  (e*g*  Figure  5*2t  curve  16  between  12 
and  60  minutes)*  If  the  absolute  strain  rate  is  less  than 
10~6%/hrs  it  is  plotted  at  1 0— 6%/hrs*  Furthermore  rates  are 
calculated  by  linear  regression  through  three  points  where 
only  every  tenth  data  point  is  considered*  These  strain 
rates  are  plotted  as  plusses  for  positive  strain  rates  and 
crosses  inclined  at  45°  for  negative  strain  rates*  The 

strain  rate  is  again  plotted  at  the  midpoint  and  is  called 

\ 

the  trend  of  the  strain  rate  since  it  neglects  local 
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variations*  This  trend  is  calculated  only  after  30  readings 
are  taken*  Finally,  an  overall  trend  is  calculated  between 
the  thirty— first  point  (approximately  at  one  hour)  and  the 
last  point  measured  to  Indicate  the  overall  inclination  of 
the  strain— time  curve  after  one  hour*  This  point  is  plotted 
at  700  hours  with  a  plus  or  a  45°— cross  depending  on  the 
sign* 

This  representation  allows  plotting  of  all  positive  and 
negative  strain  rates  on  one  diagram*  The  trend  analysis  is 
a  smoothening  process  which  may  be  useful  if  the  rate 
fluctuation  is  too  large*  The  number  and  the  symbol  in  the 
upper  left  corner  relates  these  diagrams  to  the  strain— time 
plots*  Two  examples  of  log  strain  rate  versus  log  time  plots 
are  shown  in  Figure  5*2  for  curves  16  and  14  in  Figure  5*1* 
Curve  16  changes  from  Initial  extension  to  compression  with 
a  2  hour  transition  zone  between  1*5  and  3*5  hours  as 
indicated  by  the  shaded  area*  A  few  positive  strain  rates  in 
the  initial  zone  could  be  attributed  to  pressure  variations* 
The  trend  analysis  shows  that  there  is  a  strain  rate  minimum 
at  about  40  hours  but  the  overall  trend  is  still  positive 
trending  towards  lower  strain  rates  at  large  times*  Curve  14 
shows  a  case  where  a  zone  of  almost  zero  strain  rate  is 
followed  by  compression  as  indicated  by  the  shading* 
Compression  is  initiated  at  the  same  time  (  at  about  3  hours  ) 
as  in  curve  16*  Up  to  this  point*  the  strain  rate  fluctuates 
between  negative*  positive  or  negligible  values  of  strain 

v 

rate*  This  variation  is  a  result  of  the  recording  accuracy 
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and  diminishes  as  soon  as  the  time  intervals  increase  since 
the  ratio  of  recording  error  to  time  interval  becomes 
smaller*  As  soon  as  the  ’’true1'  strain  rate  is  in  excess  of 
about  10  3%/hrs  or  the  time  interval  is  greater  than  about 
15  minutes  the  effects  of  the  recording  accuracy  become 
negligible*  Figure  5*3  shows  artificial  data  which  were 
generated  in  the  following  manner:  An  error  was  superimposed 
on  a  power  function*  The  absolute  value  of  this  error  was 
increased  six  times  by  a  constant  amount  and  the  sign  was 
changed  after  each  increase  resulting  in  the  strain— time 
curve  shown  in  Figure  5*3*  After  6  increases  this  procedure 
was  reinitiated*  The  time  intervals  were  increased  in  a 
manner  similar  to  the  changes  undertaken  during  a  real  test* 
The  corresponding  log  strain  rate  versus  log  time  plots  are 
shown  in  diagram  1,  for  the  power  function,  and  in  diagram 
2,  for  the  function  with  superimposed  error*  A  comparison 
with  real  data  shows  that  the  artificial  error  is 
significantly  larger  than  the  real  recording  error* 


5*3*6  Preliminary  Tests 

Several  tests  on  sand— plaster  model  blocks  of  various 
sizes  (lxl  foot  and  2x2  feet),  with  and  without  tunnel, 
have  been  undertaken  with  the  main  purpose  of  gaining 
experience  on  the  test  equipment*  One  sample  was  loaded 
until  the  tunnel  collapsed  and  similar  results  as  the  ones 
reported  by  Heuer  and  Hendron  (  1969)  have  been  achieved* 


Some 


creep 


testing  indicated 


that  a  portion  of  the 
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REL  -TIME  <HRS>  REL-TIME  <HRS> 


TEST  PROGRAM 


Figure  5*3  Processed  Artificial  Data  and  Effect  of 

Recording  Error 
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t ime-dependent  deformations  were  most  likely  a  result  of 
t ime— dependent  compaction  comparable  to  the  behaviour 


dl scussed 


later 


on 


test  number  MC— 2  (or  MC-4 


( Guenot(  1 979 ) ) )  •  No  new  information,  compared  with  Heuer  and 
Hendron's  tests,  was  gained  from  these  tests*  The  reuslts 
have  been  omitted  from  this  thesis  for  this  reason* 

During  the  first  test  on  coal,  MC— 1  (MC— 1  stands  for 
"Model  test  on  Coal  number  1"),  the  capacity  of  the  testing 
machine  was  reached  before  yielding  occurred  around  the 
opening*  Even  under  different  stress  conditions  (N<1  )  it  was 
not  possible  to  fail  the  tunnel*  As  a  consequence,  testing 
was  stopped  to  strengthen  the  test  frame*  The  results  are 
similar  to  the  ones  reported  later  on  sample  MC— 2  but  much 
more  variable  due  to  inexperience  in  long-term  testing* 
Plane  strain  conditions  could  not  be  maintained  adequately 
during  several  creep  stages  mainly  because  of  the 
unexpectedly  low  Poisson's  ratio  of  less  than  0*1 
perpendicular  to  the  bedding  planes*  The  data  is  again 
omitted  from  this  thesis  for  two  reasons:  the  test  will  be 
continued  in  the  near  future  on  the  test  freme  with  higher 
capacity  and  with  an  increased  tunnel  opening*  Under  these 
conditions  it  should  be  possible  to  cause  yielding  and 
collapse  of  the  tunnel;  the  amount  of  recorded  data  and  its 
interpretation  would  increase  the  volume  of  this  thesis 
without  significant  contribution  to  the  solution  of  the 
problem  investigated* 

\ 

Reproducability  will  be  shown  on  Test  MC— 2  where 
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repeated  loading  at  various  stress  ratios  has  been 
undertaken • 

In  summary*  the  model  test  facilities  developed  for  the 
study  of  the  t i me— dependent  rock  mass  behaviour  around 
underground  cavities  has  the  following  capabilities*  Various 
sample  sizes*  presently  60  x  60  x  20  cm  with  a  tunnel 
diameter  of  up  to  15  cm*  can  be  tested  under  plane  strain  or 
triaxial  stress  conditions*  The  maximum  field  stress  of  16 
MPa  for  the  present  sample  geometry  is  provided  by  rams  of  a 
maximum  capacity  of  890  kN  at  69  MPa  oil  pressure*  This 
pressure  is  supplied  by  hydraulic  pumps  with  a  pressure 
multiplication  factor  of  one  hundred*  The  load  can  be 
maintained  over  several  days  or  weeks  with  fluctuations  of 
less  than  ±1*0%*  The  overall  straining  of  the  sample* 
internal  average  strains  from  multiple  extensometers,  and 
the  tunnel  closure  in  various  directions  can  be  measured 
with  high  accuracy*  Creep  or  closure  rates  as  low  as 
10_5%/hr  have  been  recorded  consistently  without  major 
influences  due  to  cycling  of  the  hydraulic  pumps  or 
variations  in  the  applied  field  stress*  The  electronic  data 
recording  and  processing  system  allows  frequent  reading  of 
large  numbers  of  instruments  and  rapid  data  evaluation  to 
assure  an  optimum  testing  program*  Intended  alterations  to 
the  testing  apparatus  will  allow  application  of  support 
pressure  by  a  pressure— me te r  or  a  model  lining*  and  drilling 
under  load  for  improved  modeling  of  the  reality* 
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CHAPTER  6 


INTERPRETATION  OF  MODEL  TEST  DATA 


Many  worthwhile  solutions  and  processes  of  general 
applicability  have  been  developed  in  the  last  decade  and 
the  position  is  reached  where  —  in  principal  at  least  — 
solution  of  all  engineering  stress  analysis  problems 
with  properly  described  constitutive  relationships  is 
possible*  (Quote:  Zienkiewicz  and  Vail iappanC 1969 )  ) 

While  this  statement  was  true  in  1969  and  still  is  ten  years 

later,  it  must  be  realized  that  the  most  critical  point  in 

the  above  statement  is  the  requirement  of  proper 

constitutive  relationships*  In  most  geotechnical  problems  it 

is  difficult  to  determine  these  relationships,  especially  if 

the  material  to  be  considered  is  a  non-linear, 

inhomogeneous,  orthotropic,  discontinuous  medium  with  time  — 

dependent  strength  and  deformation  properties*  If  model 

tests  are  undertaken  with  such  a  material  and,  as  is  the 

case  in  this  study,  relevant  parameters  to  describe  the 

constitutive  relationship  have  not  been  determined  in  an 

extensive  material  testing  program,  it  would  be  irrational 

to  try  and  analyse  model  test  data  with  complex  material 

models*  In  the  following  chapter  the  most  basic 

relationships  are  used  to  compare  the  results  with 

theoretical  predictions*  The  purpose  of  this  comparison  is 

to  evaluate  some  of  the  dominant  parameters  in  order  to 

guide  future  testing,  and  to  establish  a  process  model  to 

justify  reasonable  assumptions  for  more  elaborate 

calculati on  s • 
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The  following  interpretation  of  the  pre-yield  stages 
concentrates  on  linear  elasticity  for  the  time- independent 
constitutive  relationship  and  on  a  history  dependent  (linear 
visco-elasticity)  relationship  for  the  time-dependent 
constitutive  law*  After  yielding  is  initiated  an 
e lasto— plas tic  or  visco-elastic,  visco— plastic  material 
model  may  be  used  in  an  initial  investigation  at  small 
strains  and  a  limit  equilibrium  approach  (Feder(1977)  , 
Feder(  1978)  ,  or  Rabcewicz(  1969  )  )  could  be  applied  at  large 
strains*  This  latter  portion  of  the  study  is  not  described 
in  detail  in  this  thesis  but  is  being  undertaken  in  a 
companion  study  by  Gfuenot  (  1979)*  The  use  of  finite  element 
models,  with  joint  elements  and  s t rain-weakening  as  well  as 
t i me— dependent  properties,  is  relegated  to  future  work* 

Available  theoretical  solutions  for  predicting  the 
behaviour  of  a  circular  unlined  opening  have  been  applied  to 
the  problem  under  investigation*  Since  no  new  theories  have 
been  developed  all  derivations  and  available  equations  are 
summarized  in  Appendix  A6 • 1 • 

Ls.2  pesg.clB.tiga  of  last  mc-2 

6*2*1  Sample  Description 

The  sample  was  trimmed  in  such  a  manner  that  the 
bedding  plane  was  perpendicular  to  the  tunnel  axis  and  the 
jointing  parallel  to  a  diagonal  of  the  sample  (45°  to  the 
principal  stress  axis)*  The  dimensions  of  Sample  MC— 2  before 


the  test  were  61*4  x  61*6  x  20*8  cm  (including  the  Plaster 
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of  Paris  layer).  The  Joint  pattern  was  variable  across  the 
sample  and  joint  spacing  changes  between  bedding  planes.  At 
the  top  face  of  the  sample  the  spacing  between  joints  was 
between  0.3  and  1.6  cm  but  no  major  jointing  was  observed 
near  the  intended  tunnel  location.  On  one  side  of  the  sample 
two  major  fractures  almost  parallel  to  the  side  at  about  2 
to  5  cm  depth  have  been  observed.  These  fractures  may  have 
influenced  the  external  displacement  measurements  at  low 
stress  levels.  The  moisture  content  of  the  sample  was  on 
average  19%  after  Test  MC— 2.9,  about  4%  lower  than  the 
average  moisture  content  in  the  field.  During  drilling  of 
the  tunnel  with  a  diameter  of  12.1  cm  the  core  broke  into  4 
pieces  along  bedding  planes.  The  joint  spacing  was  0.6  to 
1.4  cm  near  the  top  and  much  larger  or  invisible  at  lower 
levels.  Figure  6.1  shows  the  crack  pattern  inside  and  near 
the  tunnel  after  the  sample  was  unloaded  following  Test 
MC— 2.9.  Major  cracks  along  the  spring  linest  roof  and  floor 
have  been  observed.  All  cracks  were  open  after  unloading  and 
it  is  difficult  to  determine  whether  they  were  created  by 
shear  or  tension.  The  longitudinal  cracks  near  the  left 
spring  line  and  the  floor  showed  some  indication  of  shear 
displacement  whereas  the  roof  crack  appeared  to  be  a  tensile 
crack.  Plate  6.1  shows  the  total  crack  pattern  on  the  top 
face  of  the  sample,  the  jointing  and  cracks  near  the  tunnel, 
and  several  details  inside  the  tunnel  (e.g.  tensile  and 
"sheared"  cracks). 


The  location  of  the  internal  gauges  measuring  average 
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Figure  6»1  Crack  Pattern  Inside  or  Near  Tunnel  after 

Unloading  during  Test  NC  — 2«S 
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Plate  6*1  Crack  Pattern  on  Top  Face  of  Sample  MC— 2  and 

Details  near  and  inside  Tunnel 
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radial  strain  are  shown  (to  scale)  in  Figure  6*12  and 
numbered  according  to  the  diagrams  presented  later*  The  row 
of  gauges  near  the  tunnel  measures  the  average  strain  over  a 
distance  of  5  cm  between  approximately  1*4  to  2*2  times  the 
tunnel  radius  (a)  and  corresponds  therefore  to  the  strain  at 
about  l*75a*  The  second  row  measures  over  a  distance  of  5  cm 
between  2*2  and  3* la*  corresponding  to  the  strain  at  about 
2*7a*  Two  instruments  measure  over  a  distance  of  10  cm  and 
this  strain  corresponds  to  the  strain  at  about  2* la*  The 
external  gauges  are  grouted  into  the  sides  of  the  sample  at 
a  depth  of  3  cm*  The  tunnel  closure  was  measured  from  a 
stand  fixed  to  the  steel  plate  at  the  bottom  of  the  sample* 
The  vertical  distance  between  each  LVDT  is  1*3  cm  (the  two 
LVDTs  measuring  one  diameter  are  therefore  1*3  cm  apart)  and 
these  LVDTs  are  rotating  counter-clockwise  starting  from  the 
top  (parallel  to  the  jointing)  to  the  bottom  (parallel  to 
the  major  principal  stress  direction)*  According  to  this 
arrangement,  the  diameter  parallel  to  the  jointing  was 
measured  at  14*6  cm,  the  one  perpendicular  to  the  jointing 
at  9*5  cm,  the  one  parallel  to  the  minimum  stress  direction 
at  12*1  cm,  and  the  one  parallel  to  the  maximum  stress 
direction  at  7*0  cm  from  the  bottom  of  the  sample* 

6.2*2  Loading  History 

The  Sample  for  Test  MC— 2  was  collected  and  trimmed 
during  winter  1976/1977*  It  was  instrumented  during  August 


1977  and  testing  at  various  stress  ratios  (N)  was  undertaken 
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from  September  1977  until  June  1978*  The  following  is  a 

summary  of  the  complete  loading  history: 

1*  MC— 2*0:  stress  ratio  N=l;  block  without  tunnel  loaded  to 
7  MPa  with  three  creep  stages  of  less  than  two  hours; 
one  reloading  cycle; 

2»  MC— 2*1:  N=1 ;  loading  of  sample  wih  tunnel  to  3  MPa  with 

one  reloading  cycle;  no  results  reported  in  this  thesis 

3*  MC— 2«2:  N=1 ;  same  as  MC— 2«1;  testing  of  internal  gauges 

no  results  reported  in  this  thesis; 

4.  MC— 2 • 3 :  N=1 ;  same  as  MC— 2*1;  testing  of  internal  gauges; 
no  results  reported  in  this  thesis; 

5«  MC— 2«4:  N=1 ;  loading  to  12  MPa  with  5-day  creep  tests  at 
approximately  3,  5  +  (n  x  1)  to  12,  10  and  0  MPa;  load 

cells  overstressed  at  10  MPa; 

6«  MC— 2*5:  N=0«  5;  loading  to  3  MPa  with  one  5— day  creep 

test  at  maximum  load  and  one  5— day  recovery  test;  no 
data  reported  in  this  thesis; 

7«  MC-2«6:  N=0«75;  loading  to  14  MPa  with  5— day  creep  tests 

at  approximatly  3,  5+( nxl  )  to  14,  0  MpaJ 

8.  MC— 2«7:  N=0  *33;  loading  to  10  MPa  with  5— day  creep  tests 

at  3,  5  +  (  n  x  1  )  to  10,0  MPa;  unloading  was  necessary 

because  of  increasing  sample  rotation; 

9«  MC— 2*8:  N=0«33;  loading  to  15  MPa  with  5— day  creep  tests 

at  5,  8  +  (n  x  1  )  to  15,0  MPa; 

10«  MC— 2*9:  N=0«2;  loading  to  15  MPa  with  5— day  creep  tests 
at  5,  8  +  (  n  x  1  )  to  15  MPa;  test  had  to  be  terminated 

due  to  damage  of  the  sample  during  uncontrolled 
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ro  tat ion • 

The  loading  or  unloading  rate  between  stages  was  normally 
between  0*05  and  0*1  MPa/min  resulting  in  a  total  time  of 
maximum  2.5  hours  for  rapid  loading  to  the  maximum  capacity 
of  15  MPa • 

6 • 2 «  3  Presentation  of  Measurements 

During  this  extensive  testing  period  data  was  collected 
electronically  and  stored  on  magnetic  tape*  In  the  order  of 
200,000  readings  have  been  recorded  and  plotted  in 
stress— st rain,  strain— time  and  log  strain  rate  —  log  time 
diagrams*  These  diagrams  have  been  collected  in  an  internal 
report  (1979)  of  the  Geotechnical  Section  in  the  Department 
of  Civil  Engineering,  University  of  Alberta*  Because  of  the 
extent  of  this  report  only  a  limited  selection  of  data  is 
included  in  this  thesis  throughout  Chapter  6  and  in  Appendix 
A6«2*  The  selected  data  are  typical  with  a  normal  range  of 
scatter*  This  data  has  been  selected  to  illustrate  specific 
points  which  will  be  discussed  later* 

6  *  2*  3* 1  S tre ss— S t ral n  Relationship 

One  complete  set  of  stress— strain  diagrams  Is  later 
given,  as  an  example,  for  Test  MC— 2*8  (N=0*33)  in  Figure 
6*13  for  the  Internal  radial  extensome ters  and  in  Figure 
6*14  for  the  overall  strain  (triangle  and  circle,  top  left 
diagram),  for  the  tunnel  closures  (bottom  left  diagram)  the 
loading  head  displacement  (4  corners,  top  right  diagram)  and 
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the  loading  history  (  c  i  rc  le=maxi  mum  load,  triangle=minimuin 
load  and  c ross=l ongi tudinal  load,  bottom  right  diagram)*  A 
summary  plot  of  maximum  field  stress  versus  overall  strain, 
tunnel  closure,  and  selected  radial  strain  measurements  for 
the  other  tests  MC— 2*0,  2*4,  2*6,  2*7  and  2*9  are  presented 
in  Appendix  A6*2  (Figures  A6*l  to  A6*5)* 

% 

6  *  2*  3  *  2  Strain  —  Time  Relationship 

One  complete  set  of  strain— time  diagrams  and  the 
corresponding  log  strain  rate  —  log  time  diagrams  for  Test 
MC— 2*6  at  9  MPa  are  shown  in  Appendix  A6*2  (Figures  A6*6  and 
A6.13)*  Corresponding  curves  are  identified  by  the  same 
number*  The  stress  variation  is  shown  for  the  same  creep 
stage*  A  summary  plot  for  one  radial  extensome ter  for  Test 
MC— 2*4,  2*6  and  2*7  to  2*9  is  shown  later  in  Figure  6*17  and 
a  few  examples  of  log  strain  rate  —  log  time  diagrams  are 
given  in  Figure  6*16*  Figures  6*2  to  6*5  summarize  the 
development  of  the  tl me— dependent  tunnel  closure  during 
incremental  loading  of  Test  MC— 2*6  (N=0*75)  and  MC-2.9 
(N=0*2)  (compare  with  the  radial  strain  summary  in  Figure 
6.17  )• 

Figure  6*2  gives  the  tunnel  closure  rates  for  the 
stress  increment  at  13  MPa  for  the  two  Tests  MC— 2*6  and 
MC— 2*9  together  with  the  normalized  field  stress*  The 
closure  is  not  significantly  affected  by  the  load 
fluctuations,  which  were  less  than  ±0*1%*  The  most  obvious 


differences  between  the  two  sets  of  data  is  that  extension 
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TEST  MC-2.6  13000  KPfl  TEST  »hC-2.9 

Figure  6.2  Typical  Tunnel  Closure  Kate  Diagrams  from  Tests 

MC-2.6  and  MC-2.9  at  13  MPa 
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TEST  MC-2.6 


Figure  6»3  Summary  Sketch  of  Tunnel  Closure  Rates  tor  all 

Increments  Turing  Test  MC-2«6 
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Figure  6»4  Summary  Sketch  of  Tunnel  Closure  Rates  for  all 

Increments  luring  Test  MC  —  2*9 
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Figure  6.5  Stress  versus  Creep  Strain  Diagrams  for  Tests 
MC  —  2  •  6  and  fc)C  —  2.9;  Strain  after  20  Hours  and  100  Bours 
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was  observed  in  the  direction  of  minimum  stress 
(18-triangle)  during  Test  MC— 2.9  (N=0.2*  for  explanation  of 
symbols  see  Chapter  5).  Further  differences  will  be 
discussed  later  but  it  should  be  noted  that  these  curves 
correspond  to  different  equivalent  openings  (as  discussed 
later)  and  different  stress  fields.  (Curve  17  corresponds  to 
the  diameter  in  the  direction  of  the  maximum  field  stress* 
curves  19  and  20  to  diameters  parallel  and  perpendicular  to 
the  jointing*  respectively). 

Figures  6.3  and  6.4  summarize  the  tunnel  closure  rates 
for  the  two  Tests  MC— 2.6  and  2.9  for  all  load  increments. 
These  curves  have  been  sketched  by  hand  to  follow  the 
general  trend  (  through  trend  points  )  and  are  not  intended  to 
show  details  which  are  given  in  the  internal  report  or  in 
selected  diagrams  like  Figure  6.2.  The  following 
observations  of  the  general  character  of  this  data  can  be 


made: 


the  rate  decreases  almost  linearly  in  these 


logarithmic  plots  with  a  slope  a  of  0.6  to  0.83  (individual 
values  are  given  inside  each  plot);  a  leveling  off  of  the 
strain  rates  towards  a  constant  value  may  be  observed  for 
higher  stress  levels  whereas  deceleration  to  very  small 
rates  seems  apparent  for  lower  stress  levels;  and  all 
increments  fall  within  a  surprisingly  narrow  band  even 
though  load  increments  vary  between  1  and  5  MPa  and  stress 
levels  Inrease  from  3  to  15  MPa. 

From  a  comparison  of  the  two  Figures  6.3  and  6.4  the 
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effect  of  the  stress  ratio  N  can  be  evaluated.  During  Test 
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MC— 2*6  the  stress  ratio  N  was  0.75  and  during  Test  MC-2.9 
this  ratio  N  was  0.2.  It  can  be  seen  that  the  average  strain 
rates  after  100  hours  for  the  curves  17,  18,  19,  20  are  0.4, 
±0*0,  0.4,  0*3  times  1 0~ 3%/hr,  and  1.5,  —  0.4,  0.5,  8*5  times 
10-3%/hr  for  N=0.75  and  N=0.2,  respectively;  the  average 
strain  rates  after  one  hour  are  7.0,  ±0*0,  7.0*  1*8,  and 
25*0,  8.5,  13*0,  6*0  times  10—3%/hr  for  the  corresponding 
instruments;  and  instruments  No.  18  and  20  in  Test  MC-2.6 
(N=0.75)  are  strongly  affected  by  load  variations  since  very 
low  creep  rates  are  observed  throughout  the  test.  In 
general,  the  creep  rates  are  almost  one  order  of  magnitude 
higher  in  creep  tests  with  N=0.2  than  in  tests  with  N=0.75. 

Figure  6.5  summarizes  the  creep  strains  accumulated 
during  each  creep  stage  up  to  20  hours  and  up  to  100  hours. 
During  Test  MC— 2.6  this  creep  strain  remains  almost  constant 
or  increases  only  slightly  up  to  relatively  high  stress 
levels.  A  higher  creep  strain  was  observed  during  the  first 
creep  stage  and  this  is  most  likely  due  to  initial  crack 
closure  and  larger  initial  load  increment.  The  behaviour 
observed  is  similar  to  the  response  expected  from  a  linear 
vi sco— elas tl c  material  exposed  to  an  identical  loading 
history.  The  same  holds  true  for  Test  MC— 2.9  except  for  the 
instrument  parallel  to  the  Jointing  (cross)  and  at  stress 
levels  higher  than  1.3  MPa.  These  observations  will  be 


discussed  in  more  detail  in  Section  6.4. 
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The  elastic  solution  for  the  stress  distribution  around 
a  circular  hole  in  a  flat  plate  is  attributed  to  Kirsch  and 
the  derivation  of  these  equations  from  an  Airy  stress 
function  is  given  in  numerous  texts  ( e*g*  Obert  and 


Duval 1(  1 967 ) 


)•  These  equations  for  strains  and 


displacements  around  a  tunnel  are  suimnarized  in  Appendix 
A6*l  and  describe  the  model  behaviour  (called:  "Model”  ) 
where  the  field  stress  is  applied  to  a  sample  with  a 
preexcavated  tunnel*  Only  radial  strains  and  displacements 
are  given  since  no  measurements  have  been  taken  in  the 
tangential  direction* 

The  strains  and  displacements  measured  during  the 
excavation  of  a  tunnel  in  an  elastic  medium  (called: 
"Reality")  can  be  found  by  direct  superposition  of  the  above 
solutions  and  the  solutions  for  a  sample  without  a  tunnel 
(called:  "Plate")*  While  the  stress  distribution  remains  the 
same*  the  strains  and  displacements  are  lower  in  reality 
than  in  the  model  where  the  plate  is  compressed  during  load 
application*  The  cor r espondi ng  equations  for  the  additional 
two  states  —  Plate  and  Reality  —  are  given  in  Appendix  A6*l* 

Examination  of  these  equations  shows  that  the  strains 
measured  in  reality  always  show  extension  whereas  in  the 
model  extension  is  measured  only  close  to  the  tunnel  and  at 
high  values  of  Poisson's  Ratio  where  the  material  is  almost 

incompressible*  This  point  will  be  discussed  in  more  detail 
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in  the  section  on  t ime— dependent  strain  measurements*  The 
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tunnel  closure  and  the  external  displacements  in  general  are 
larger  in  the  model  than  in  reality*  again  due  to  the 
compression  of  the  plate  itself# 

It  is  evident  that  a  non-linear  behaviour  may  result 
from  a  non-linear  material  stiffness  or  a  non-linear 
Poisson's  Ratio#  These  non-linearities  will  not  affect  the 
behaviour  of  the  model  tunnel  in  the  same  proportion  as  the 
tunnel  in  reality#  For  example*  if  only  the  Bulk  Modulus  is 
non-linear,  the  stress-strain  response  for  a  stress  ratio 
N= 1  will  be  linear  in  reality  but  non-linear  in  the  model# 
The  radial  strain  for  N=1  is  a  function  of  1/G  in  reality, 
where  G  is  the  Shear  Modulus,  and  the  radial  strain  for  the 
plate  is  a  function  of  E/KG,  where  K  is  the  Bulk  Modulus  and 
E  the  Young's  Modulus#  For  the  model  therefore,  the  radial 


strain  must  be 


function  of  K,  G  and  E#  It  should  be 


realized  that  a  change  in  N— value  during  a  test  may  cause  an 

apparent  non-linearity#  During  most  tests  it  was  not 

possible  to  control  N  with  an  accuracy  higher  than  ±5%# 

The  most  reliable  deformation  measurements  made  during 
the  test  are  the  tunnel  deformations  and  the  overall 

straining  of  the  model  block#  The  internal  deformations  or 
average  radial  strains  are  strongly  affected  by  local 
material  properties  and  show,  as  expected,  wide  variations 
in  results#  In  addition,  many  of  the  instruments  produced 
questionable  results  and  the  others  may  therefore  be  used 

only  to  support  general  conclusions  from  the  overall 

\ 

behaviour#  In  later  tests  ( MC— 3  and  MC-4,  Guenot  (1979)), 
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with  an  improved  measuring  device,  it  was  found  that  these 
internal  gauges  still  showed  large  variations,  but  that  the 
average  calculated  from  corresponding  gauges  was  in 
agreement  with  the  overall  measurements*  As  a  consequence, 
it  is  preferable  to  try  and  interpret  the  tunnel  closure  and 
the  external  deformations  first* 

The  ratio  between  the  external  deformations  of  a  block 
without  a  tunnel  loaded  in  plane  strain  condition  ( N=1  )  and 
the  same  block  loaded  after  drilling  of  the  tunnel  (N=l)  is 


a 

f unc t i on 

of  Poisson' 

s  Ratio 

only 

(1.04,  1*06,  1.18,  1 

.29 

and 

1.48 

for  Poisson' 

s  Ratio 

equal 

to  0*0,  0*1,  0*2,  0 

.25 

and 

0.3  )• 

From  Test 

MC—  2* 0 

and 

MC— 2*4  this  ratio 

wa  s 

determined  to  be  1*43  for  the  horizontal  and  1*34  for  the 
vertical  direction*  The  corresponding  Poisson* s  Ratios  are 
0*29  and  0*24*  The  Poisson's  ratio  in  the  longitudinal 
direction  was  determined  from  load  measurements  under  the 
assumption  of  isotropic  material  properties  to  be  equal  to 
about  0*1*  Two  factors  have  to  be  considered  in  this 
determination  of  Poisson's  Ratio*  First,  the  loading  rate 
during  Test  MC— 2*0  was  approximately  500  times  the  rate 
during  Test  MC— 2*4*  This  results  in  a  significant 
overestimation  of  Poisson's  Ratio  if  the  stiffness  decreases 
with  decreasing  loading  rate*  From  a  comparison  with  tests 
(MC— 2*8  or  2*9)  where  the  strain  rate  was  changed  during  the 
test  it  was  found  that  the  measured  deformation  ratio  was  at 

least  1*25  times  the  ratio  for  tests  with  equal  loading 

\ 

rate*  After  this  correction  Poisson's  Ratio  must  be  between 
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0#1  and  0*2#  Secondly,  the  deformations  in  Sample  MC— 2*0 
were  taken  from  the  reloading  curve  whereas  they  had  to  be 
taken  from  the  initial  loading  curve  of  Test  MC— 2#4  after 
drilling  of  the  tunnel#  The  vibrations  during  drilling  must 
have  caused  some  loosening  of  the  sample  and  a  slight 
underestimation  of  Poisson's  Ratio  would  be  expected#  Taking 
both  factors  into  account  and  comparing  with  results  from  a 
similar  analysis  by  Guenot  (1979)  it  can  be  assumed  that 
Poisson's  Ratio  is  equal  or  slightly  lower  than  0*2  parallel 
the  bedding  plane  and  about  0#1  perpendicular  to  the  bedding 
plane# 


As  mentioned  earlier  the  coal  shows  a  non-linear 
stress— strain  relationship#  The  tangent  modulus  was 
determined  from  several  stress— strain  curves  to  give  an 
indication  of  the  sample  stiffness#  Assuming  a  Poisson's 
Ratio  of  0#2,  this  modulus,  for  a  stress  range  between  5  and 
7  MPa,  reached  a  maximum  value  of  1900  to  2050  MPa  during 
the  reloading  test  on  Sample  MC-2#0  without  a  tunnel  at  a 
fast  loading  rate  of  6800  MPa/hour#  This  value  was 
determined  from  external  displacement  measurements  and  must 
be  slightly  lower  than  the  short-term  modulus#  During  Test 
MC— 2#4,  with  slow  loading  at  a  rate  of  about  14  MPa/hour, 
the  tangent  modulus  between  stresses  of  6  and  8  MPa  was 
determined  from  external  displacement  measurements  to  be 
1500  MPa  (at  45°  to  the  joints)  and  from  tunnel  closure 
measurements  to  be  1300  MPa  (at  45°  to  the  joints),  1100  and 
1450  MPa  (parallel  and  perpendicular  to  the  joints. 
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respectively)*  These  latter  values  must  be  close  to  the 
long-term  stiffness  since  creep  had  almost  terminated  at 
these  stress  levels*  An  anisotropy  ratio  of  approximately 
1*3  would  result  from  these  results  but  this  ratio  could  not 
be  verified  by  the  internal  ex tensome ters  and  might  be 
exaggerated  due  to  non— symmetric  stress  redistribution  C  see 
later  )• 

In  summary,  conventional  elasticity  theory  has  been 
used  to  evaluate  the  material  properties*  The  extensometers 
installed  did  not  perform  satisfactorily  during  the  loading 
of  the  sample  without  a  tunnel*  Because  of  this  the  material 
properties,  Young's  Modulus  and  Poisson's  Ratio,  have  been 
estimated  from  a  comparison  with  the  first  test  with  a 
tunnel*  It  was  found  that  these  parameters  were  loading 
rate—  dependent  and  non-linear*  The  initial  closure  was 
extremly  variable  but  the  stiffness,  as  a  tangent  modulus 
over  a  specific  stress  range,  was  reasonably  consistent*  To 
eliminate  -the  effects  of  variability  in  stiffness  the  test 
results  from  further  tests  were  compared  in  a  normalized 
form*  A  closure  ratio,  defined  as  the  ratio  of  the  closure 
for  a  given  N— value  to  the  closure  measured  during  the  test 
with  N  equal  to  unity,  has  been  used*  From  linear  elasticity 
this  ratio  can  be  calculated  as  a  function  of  N,  Poisson's 
Ratio,  and  for  various  diameters*  This  predicted,  linear 
relationship  is  shown  later  in  Figure  6*9*A  for  three 
orientations,  at  46°  to  each  other,  and  for  three  cases;  for 
the  "Model",  for  the  "Reality",  and  for  the  "External 
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Deformation  Gauge  s" «  This  relationship  is  independent  of  the 
Poisson’s  Ratio  for  the  case  of  the  Model*  The  full  circles 
in  Figure  6*9*A  represent  observed  tunnel  closure  ratios  and 
the  full  squares  represent  the  external  deformation  ratios* 
Reasonable  agreement  with  the  predicted  ratio  can  be 
observed  at  0=45°*  At  0=0°,  in  the  direction  of  the  maximum 
field  stress,  Increasing  deviation  is  evident  and  at  0=90°  a 
non-linear  trend  with  similarly  increasing  deviation  at  low 
N— values  can  be  noticed* 

In  general,  it  was  observed  that  the  tunnel  deformed  to 
an  elliptical  shape*  Three  conditions  may  cause  this  type  of 
deformation  pattern:  (a)  a  principal  stress  ratio  N  of  less 
than  one;  (b)  anisotropic  (  orthotropic)  material  properties; 
and  (c)  non— symmet ri c  stress  redistribution*  A  decrease  of 
the  horizontal  stress  field  increases  the  closure  in  the 
vertical  direction  and  decreases  or  reverses  the  tunnel  wall 
displacement  in  the  horizontal  direction*  The  same  response 
can  be  achieved  by  a  lower  modulus  of  elasticity  in  the 
direction  of  maximum  closure  and  a  higher  modulus  in  the 
direction  perpendicular  to  it*  The  first  point  has  already 
been  considered  in  Figure  6*9*A  and  the  second  point  cannot 
be  Justified  because  of  the  45°— inclination  of  the  Joints* 
The  deviation  can  therefore  not  be  explained  by  conventional 
elasticity  theory* 

The  third  condition  (c)  of  non— symmet ri c  stress 
redistribution  has  to  be  discussed  in  some  detail  before  the 
test  results  can  be  examined*  It  is  based  on  the  working 
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hypothesis  of  stress  redistribution  due  to  non-linear, 
stress— dependent  creep  properties,  time-dependent  strength, 
and  strain-weakening  which  has  been  introduced  in  Chapter  1* 
If  a  circular  opening  is  excavated  in  an  isotropic, 
initially  elastic  material,  concentrations  of  the  tangential 
stresses  in  areas  of  reduced  radial  stress  cause  rock 
elements  near  the  tunnel  to  be  loaded  to  high  stress  levels 
relative  to  their  peak  strengths*  These  elements  will  creep 
more  than  elements  further  away  from  the  tunnel  due  to  low 
confinement  pressure  and  the  fact  that  most  rocks  exhibi t  a 
strain— rate  which  depends  on  the  stress  level*  This  process, 
which  has  been  analysed  for  an  axi symmetric  case  by  da 
Fontoura  (1980),  causes  tangential  stresses  to  be 
transferred  away  from  the  tunnel*  This  is  schematically 
illustrated  in  Figure  6*  6*  a*  Nair  al  *  (  1968  )  (or  Nair  and 

BoresK  197  0 )  )  Investigated  this  process,  by  application  of 

the  finite  element  method,  for  spherical  and  egg-shaped 
openings  in  a  material  with  non-linear  time— dependent 
properties  and  Hayashi  and  Hibino(1968)  studied  this  process 
around  an  underground  cavity  by  a  finite  element  analysis 
based  on  a  stress— dependent  creep  law*  Nair  concluded  that 
these  “stress  relaxations"  take  place  after  a  short  interval 
of  time  and  significantly  influence  the  stress  and 
displacement  field*  Due  to  this  stress  redistribution  the 
stress  concentration  near  the  opening  reduces  significantly 
and  yielding  is  initiated  only  after  loading  to  much  higher 
field  stresses  than  predicted  from  elasticity* 
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The  equivalent  process  for  the  case  where  yielding 
occurs  is  illustrated  schematically  in  Figure  6#6#b# 
Visco— plastic  flow  of  elements  stressed  beyond  their 
capacity  (A)  and  creep  of  element  (B)  loaded  to  stress 
levels  below  their  yield  strength  cause  comparable  stress 
redistribution  and  propagation  of  the  plastic  zone*  The  time 
dependence  of  this  process  will  be  discussed  and  illustrated 
later  on  results  from  the  model  test#  At  this  stage  the 
stress— strain  relationship  is  considered  only*  but  it  is 
assumed  that  the  Young's  Modulus  is  a  function  of  loading 
history  and  decreases  with  increasing  loading  time  and 


decreasing  loading  rate# 


6#  3# 1  The  "Equivalent  Opening  Approach" 

The  equivalent  opening  approach  has  been  used  to 
describe  the  model  test  results  and  to  qualitatively 
evaluate  practical  implications  of  stress  redistribution# 

This  approach  states  that  there  is  an  equivalent 
opening  in  an  linear  elastic  or  visco— elastic  medium  with 
the  same  stiffness  which*  under  the  same  stress  field, 
deforms  in  the  same  manner  as  the  real  opening  in  a  medium 
experiencing  stress  redistribution#  The  shape  and  the  size 
of  this  fictitious  opening  is  a  function  of  time  if  stress 
redistribution  occurs  with  time#  This  is  illustrated  in 
Figure  6#7  for  an  axisymmetric  case  and  in  Figure  6#8  for  a 

case  with  anisotropic  creep  properties#  After  establishing 

\ 

an  initial  stress  field,  stress  redistribution  may  occur 
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either  instantaneously  or  gradually.  The  stresses  are  at  any 
time  in  equilibrium  with  the  field  stresses  and  the  sum  of 
these  stresses  has  to  be  equal  to  the  sum  of  the  stresses 
around  the  equivalent  opening.  It  is  further  assumed  that 
the  tunnel  wall  displacements!  for  the  real  and  the 
equivalent  opening!  are  the  same  and  that  the  trend  and 
shape  of  the  strain  pattern  is  similar.  It  is  understood 
that  this  is  an  approximate  model  which  is  to  some  extent 
inaccurate.  This  fictitious  opening  has  a  boundary  somewhere 
between  the  wall  of  the  real  opening  and  the  maximum 
tangential  stress.  The  exact  location  is  affected  by  many 
factors  such  as  local  yielding!  change  of  the  real  opening 
shape  (due  to  instability),  and  support  measures. 

The  equivalent  opening  is  therefore  an  opening  in  a 
linear  elastic  medium  whose  wall  displacements  correspond  at 
a  particular  instant  to  the  wall  displacement  pattern 
observed  in  the  real  opening. 

The  shape  and  orientation  of  such  an  equivalent  opening 
can  be  determined  from  field  or  model  test  data  if  the  type 
of  the  geometrical  shape  is  selected,  e.g.  circular  or 
elliptical  opening.  If  the  equivalent  opening  is  known  the 
shape  of  the  stress  redistribution  zone  is  known  too  and 
this  can  be  checked  against  the  local  rock  structure,  the 
material  property  distribution,  and  the  stress  field. 
Optimum  excavation  layouts  and  support  systems  can  be 
designed  if  the  shape  and  the  orientation  of  the  equivalent 
opening  is  known.  This  will  be  discussed  in  Chapter  7. 
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The  most  important  point  emerging  from  this  approach  is 
that  de formations »  in  excess  of  deformations  predicted  from 
the  original  opening  shape  in  an  elastic  medium,  can  be 
explained  by  the  shape  change  of  the  equivalent  opening.  For 
example,  if  a  circular  tunnel  in  an  elastic  medium 
experiences  axisymmetric  stress  redistribution  to  a  depth  of 
say  0.5  times  the  tunnel  radius  the  equivalent  opening  will 
be  between  1  an  1.5  times  the  original  tunnel  radius.  Due  to 
the  linear  relationship  between  the  tunnel  wall  displacement 
and  the  radius  of  the  opening,  the  tunnel  closure  could  be 
between  1  and  1.5  times,  but  most  likely  in  the  order  of  1.3 
to  1.4  times,  the  predicted  elastic  closure.  If  the  shape 
changes,  in  addition  to  the  stress  redistribution  due  to 
local  creep  or  yielding,  to  an  elliptical  opening,  then 
significantly  higher  closures  of  more  than  double  the 
predicted  value  would  occur.  These  two  cases  are  now 
discussed  in  some  detail. 

6 . 3. 1 . 1  Tunnel  Closure  and  External  Displacement 

Figure  6.7  illustrates  stress,  strain  and  displacement 
patterns  around  a  circular  opening  without  stress 
redistribution  for  an  axisymmetric  case  (N=l,  all  properties 
isotropic).  The  equivalent  opening  is  a  circular  tunnel  with 
increased  diameter  but  with  an  elastic  stress  field.  The 
corresponding  strain  and  displacement  distribution  are 
plotted  in  the  same  diagram,  and  the  stress  -  internal 
strain  diagram  with  initiation  of  an  equivalent  opening  at 


* 


‘ 


♦  •  ‘ 


I  :i  i  t  ‘  \  • 


. 


291 


Figure  6*7  Equivalent  Opening  Approach  for  an  Axisycnmet  ic 

Case 
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6*  Is  shown  below  this  figure#  It  has  been  assumed  that  no 
stress  redistribution  occurs  when  the  field  stress  is 
increased  to  6# f  but  that  stress  transfer  occurs  at  higher 
stress  levels.  An  equivalent  opening  therefore  develops 
above  this  stress  level  and  the  tunnel  wall  displacements 
increase  at  a  faster  rate.  With  the  transfer  of  tangential 
stresses  away  from  the  opening  the  radial  strain  pattern  is 
altered  to  a  shape  similar  to  the  one  shown  in  Figure  6.7. 
As  a  result  of  thlst  the  radial  strains  decrease  and  tend 
towards  negative  radial  strains. 

It  must  be  realized  that  this  approach  assumes  a  volume 
decrease  in  the  zone  inside  the  equivalent  opening  but  this 
could  be  easily  adjusted  if  necessary. 

A  further  step  In  this  logic  is  to  assume  Isotropic  » 
static  properties  but  anisotropic  ( e.g.  orthotropic)  creep 
properties.  A  schematic  diagram  of  the  resulting  stress 
redistribution  for  an  example  where  an  element  (  I  )  creeps 
faster  than  an  element  (II)  is  shown  in  Figure  6.8  for  a 
hydrostatic  stress  field  (N=i).  During  a  fixed  time 
increment  stresses  drop  more  rapidly  at  point  (  I  )  than  at 
point  (II)  resulting  In  a  rapid  stress  redistribution  away 
from  the  opening  along  the  horizontal  axis  and  a  slow  stress 
transfer  along  the  vertical  axis.  An  equivalent  opening  of 
the  shape  of  an  ellipse  is  created.  This  causes  a  reduction 
of  the  tangential  stress  concentration  at  the  roof  and  an 
Increase  at  the  spring  line  at  a  distance  b,  inside  the  rock 
mass.  As  soon  as  an  elliptical »  equivalent  opening  is 
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Figure  6«8  Equivalent  Cpenlng  Approach  for  a  Case  with 

Non-syraaetric  Stress  Redistribution 
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created  the  tangential  stress  concentration  Increases  In  the 
direction  of  the  major  axis  of  the  ellipse  and  enhances  the 
stress  redistribution  process*  Stable  propagation  is 
achieved  due  to  a  steady  increase  of  the  confining  pressure 
6f«  The  development  of  the  tangential  6$  and  radial  stresses 
6r  around  an  ellipse  as  the  ratio  between  the  length  of  the 
major  and  minor  axis  increases  is  given  by  Feder(1978, 
Figures  16  to  18),  for  ratios  b/a  =  1.0,  1.5,  2.0*  It  can  be 
seen  that  the  radial  stresses  exceed  the  field  stresses  even 
under  hydrostatic  stress  conditions  (N=l)  if  b/a  reaches 
about  2*0* 

As  a  first  approximation  it  can  be  assumed, 
particularly  in  the  case  where  no  fracturing  or  yielding  of 
the  rock  occurs,  that  the  overall  volume  change  during 
stress  redistribution  is  zero  since  the  sum  of  the  stresses 
remains  constant.  Under  this  condition  it  is  possible  to 
determine  the  shape  of  the  equivalent  opening,  the  ratio  b/a 
for  an  ellipse,  from  the  measured  closure  of  the  Initially 
circular  opening.  For  this  purpose  a  closure  ratio  has  been 
introduced,  similar  to  the  one  defined  earlier  for  circular 
openings,  as  the  ratio  between  the  closure  of  an  equivalent 
opening  in  an  elastic  medium  under  the  applied  field  stress, 
measured  at  r=a,  and  the  closure  of  a  circular  opening  in 
the  same  elastic  medium  under  an  hydrostatic  stress  field 
(N=l).  The  calculated  closure  ratios  (ordinate)  together 
with  some  test  data  are  summarized  in  Figure  6.S.A,  B  and  C. 
Figure  A  gives,  as  discussed  earlier,  the  predicted  closure 
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ratio  for  a  circular  opening  in  an  isotropic  medium  as  a 
function  of  stress  ratio  N  (abscissa),  angle  ©  (orientation 
of  tunnel  diameter)  and  Poisson's  Ratio  for  the  "Reality", 
the  "Model"  and  the  "External  Displacement"  for  the  model 
(overall  deformation  of  the  model  block)*  For  the  remaining 
Figures  6*9*B  and  C  only  the  case  of  the  "Model"  has  been 
consi dered* 

Figure  6*9*B  shows  the  predicted  closure  ratios  for 
elliptical  openings  as  a  function  of  N,  ©,  the  axis  ratio 
b/a,  and  Poisson's  Ratio  (for  equations  see  Appendix  A6 • 1 , 
and  for  data  Appendix  A6*2,  Tables  A6*l,  A6«2)*  The  shaded 
area  in  this  diagram  Indicates  a  range  of  axis  ratios  b/a 
which  have  been  predicted  from  the  actual  observations  on 
Test  MC— 2*  Dashed  lines  with  arrows  show  the  prediction 
path* 

As  mentioned  earlier,  the  full  circles  in  Figure  6*9*A 
give  the  closure  ratios  for  the  various  Tests  MC— 2*4  to 
MC— 2*9  and  the  full  squares  give  the  corresponding  ratios  of 
external  displacements*  At  N=0*5  the  stiffness  was 
underes ti mat ed  (due  to  loading  to  3  MPa  only)  and  the  point 
would  move,  if  corrected,  in  the  direction  of  the  arrow  near 
the  stars  in  parantheses*  Where  two  or  more  squares  ere 
shown,  the  one  close  to  the  theoretical  line  corresponds  to 
a  higher  loading  rate  than  the  one  farther  away  from  this 
line*  The  arrows  therefore  indicate  the  effect  of  a  loading 
rate  decrease  and  it  can  be  seen,  in  connection  with  Figure 
6*9«B,  that  the  ratio  b/a  of  the  equivalent  opening 
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Figure  6.9  Closure  Ratio  as  a  Function  of  (A)  Stress  Ratio 
N,  (B)  Equivalent  Opening  Shape  b/a»  and  (C)  Anisotropy 
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Increases  as  the  loading  rate  decreases#  From  this 
observation  it  can  be  concluded,  and  this  will  be  supported 
later  by  the  internal  measurements,  that  the  stress 
redistribution  is  a  function  of  time  and  that  the  equivalent 
opening  increases  in  size  or  changes  shape  with  time.  From 
the  tunnel  closure  ratio  it  follows  that  the  equivalent 
opening  was  close  to  the  real  opening  up  to  a  stress  ratio 
of  approximately  0.5.  This  is  misleading  due  to  the  loading 
history.  Test  MC— 2.5  at  N=0.5  was  executed  before  MC— 2.6  at 
N=0.75  and  stopped  at  a  stress  level  of  3.0  MPa.  No  stress 
redistribution  occurred  during  these  first  two  tests.  The 
equivalent  opening  then  increased,  during  Test  MC-2.6 
CN=0.75)  to  b/a=1.3  and  to  b/a=1.55  during  Test  MC-2.8 
(N=0.33),  which  means  that  the  stress  redistribution  zone 
propagated  to  a  maximum  depth  of  at  least  4.5  cm  at  the 
beginning  of  Test  MC— 2.9.  From  the  crack  pattern  shown  later 
in  Figure  6.12  it  can  be  seen  that  b/a  was  in  the  order  of 
2.0  at  the  end  of  Test  MC— 2.9. 

The  same  trend  can  be  obseved  from  the  external 
displacement  ratio  (full  squares.  Figure  6. 9. A).  Figure 
6.9.B  has  not  been  constructed  for  the  external 
displacements  but  it  would  show  a  corresponding  trend. 

The  effects  of  anisotropic  deformation  properties  have 
been  neglected  so  far.  The  data  points  for  a  stress  ratio  N 
=  1  (Figure  6.9.A)  show  that  there  is  more  closure  parallel 
to  the  Joints  and  less  closure  perpendicular  to  the  Joints. 
To  evaluate  this  effect  a  third  graph  (Figure  6.9.C)  has 
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been  constructed  showing  the  predicted  closure  ratio  as  a 
function  of  Ej./E2»  the  stiffness  ratio,  and  N  for  b/a  =  1, 
Poisson's  Ratio  equal  to  zero,  and  directions  of  loading 
parallel  and  perpendicular  to  the  direction  of  maximum 
stiffness*  The  equations  have  been  derived  from 
Sonnt ag(  1 958 )  and  are  summarized  in  Appendix  A6*l*  The 
ratios  for  N  =  1  are  drawn  in  full  circles  for  tests  MC-2,  3 
and  4  and  the  resulting  stiffness  ratios  are  1*65,  1*1  and 
0*8  for  the  directions  perpendicular  and  parallel  to  the 
Jointing,  and  1*0,  0*6  and  2*5  in  the  directions  of  the 
principal  field  stresses  (empty  triangles)*  While  it  appears 
that  Sample  MC-2  could  have  a  anisotropy  ratio  of  1*65  (not 
proven  by  internal  strain  measurements)  in  the  direction 
expected  for  the  coal,  the  samples  MC— 3  and  4  show  little 
anisotropy  in  the  corresponding  directions*  This  is 
supported  by  internal  strain  measurements*  The  tunnel 
closure  ratio  in  the  principal  field  stress  direction  of 
these  tests  shows  a  high  anisotropy  which  is  not  expected 
because  of  the  joint  orientation  at  45°  to  the  tunnel  axis* 
It  seems  therefore  entirely  possible  that  this  closure  ratio 
is  a  result  of  stress  redistribution,  or  the  creation  of  an 
elliptical,  equivalent  opening,  due  to  anisotropic  creep 
properties*  The  corresponding  b/a  values  lie  between  1*1  and 
1*2  but  with  the  ellipse  oriented  parallel  to  the  jointing 
in  Test  MC— 2  and  at  45°  to  the  jointing  in  Test  MC— 3  and  4* 
The  explanation  of  the  observed  closure  by  non— symmetric 
stress  redistribution  appears,  at  least  for  Tests  MC— 3  and 
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4,  to  be  more  plausible  due  to  the  isotropy  observed  from 
internal  and  external  strain  measurements* 

The  implication  of  this  observation  is  that 
non— symmetric  stress  redistribution  may  occur  around  a 
circular  opening  even  if  the  stress  field  is  hydrostatic* 
Non— axi symme trie  and  non-linear  closure  of  an  opening  does 
not  therefore  necessarily  indicate  a  non-hydrostatic  stress 
field,  non-linear  elastic  properties  or  yielding  of  the 
rock,  but  rather  a  non— axisymmet r ic  stress  redistribution* 
Many  interpretations  of  field  observations  by  elas to— plasti c 
or  linear  visco— e last ic  models  seem  therefore  questionable* 
Furthermore,  evaluation  of  the  stability  of  underground 
openings  on  the  basis  of  stress  concentrations  predicted 
from  elasticity  theory  may  be  very  conservative  in 
conditions  where  stress  redistribution  can  be  expected*  This 
resulted  in  the  underdesign  of  the  model  test  frame  by  at 
least  a  factor  of  two* 

fe  *  3* 1  *  2  Internal  Radial  Strains 

Figures  6*7  and  6*8  indicated  how  the  internal  radial 
strains  are  affected  by  the  development  of  an  equivalent 
opening*  The  following  discussion  of  the  radial  strain 
pattern  around  an  opening  is  based  on  the  equivalent  opening 
approach  and  Is  only  qualitative  for  two  major  reasons:  (a) 
the  radial  strain  measurements  are  strongly  affected  by 
local  properties  and  therefore  vary  over  a  wide  range  (e*g* 


closure  of  discontinuities  seems  to  dominate  at  low  stress 
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levels),  and  (b)  the  solution  for  radial  strains  around  an 
elliptical  opening  under  a  biaxial  stress  field  were  not 
readily  available,  and  it  was  decided  that  their  derivation 
was  not  essential  at  this  stage  due  to  the  fact  that  the 
general  strain  pattern  could  be  estimated  from  the  stress 
distribution  around  an  elliptical  opening  (  Feder(  1 978  )  )• 

Figure  6*10  shows  schematically  the  expected 
stress-strain  relationship  for  a  small  N— value  and  three 
special  shapes  of  openings  in  a  linear  elastic  material* 
Corresponding  to  the  instrument  locations  in  Test  MC-2,  the 
strains  have  been  plotted  for  a  point  at  a  distance  of 
approximately  1*7  times  the  tunnel  radius*  Figure  6* 10* a 
shows  for  a  circular  opening  (N<<1)  that  extension  is 
expected  along  the  horizontal  axis  and  compression  at  an 
angle  of  45°  as  well  as  in  the  vertical  direction*  The  next 
figure  indicates  that  the  amount  of  strain  in  the  principal 
directions  is  expected  to  increase  if  an  equivalent  opening 
with  a  ratio  b/a>l  exists*  The  instruments  at  45°  to  the 
principal  axis  may  show  compression  or  extension  depending 
on  geometry  of  the  opening,  Poisson's  Ratio,  and  anisotropy 
ratio*  If  it  is  now  assumed  that  stress  redistribution 
propagates  non-symmet rically ,  due  to  non— uniform  creep  or 
yield,  as  indicated  in  Figure  6*10*c,  the  radial  strains  are 
expected  to  be  affected  as  sketched*  In  the  vertical 
direction  (1,5),  a  slight  increase  due  to  shape  and  size 
change  of  the  equivalent  opening  would  develop  while  the 


instruments  in  the  direction  of  the  opening  expansion  would 
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N  =  Small  (eg.  0.2) 
Material:  Linear  Elastic 


Circular  Tunnel 


Elliptical, 

Equivalent 

Opening 


Elliptical, 

Equivalent  Opening 
Propagating  Towards 
Instruments  6  and  7 


Figure  6.10  Schematic  Diagram  to  Illustrate  fcadial  Strain 
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show  increasing  extension.  The  non— linear! ty  introduced  in 
the  s tre ss— s t rai n  curves  will  be  obvious  at  different  stress 
levels  as  the  propagation  Increases  with  stress,  and 
possibly  tiicei  at  different  rates  for  the  various 
direct! ons. 

Figure  6.11  summarizes  the  observed  stre ss— st rai n 
curves  for  Test  MC-2.9  CN=0.2).  All  Instruments  show  trends 
which  correspond  to  the  predicted  st r ess— s tral n  relationship 
after  some  scatter  at  low  stress  levels.  As  mentioned 
earlier  it  is  not  reasonable  to  try  and  explain  each 


individual  instrument.  It  was  observed  that 


some 


c on t radic t ions,  in  the  light  of  the  equivalent  opening 
approach,  exist  when  explaining  radial  strains  measured 
during  tests  at  different  stress  ratios.  Nevertheless,  the 
general  trend  supports  the  existence  of  an  elliptical  stress 
redistribution  zone  and  the  curvature  of  these  curves  at 
higher  stress  levels  indicates  the  mode  of  propagation  of 
this  stress  redistribution  zone.  The  early  deviation  from 
linearity  of  two  gauges  parallel  to  the  Jointing  shows  a 
definite  propagation  towards  the  upper  left  corner  and  with 
a  total  strain  accumulated  of  more  than  2%  if  can  be 
expected  that  some  yielding  occurred  in  this  region  in 
addition  to  the  stress  transfer.  Non-linearities  in  two 
gauges  perpendicular  to  the  jointing  and  in  two  horizontal 
gauges  at  higher  stress  levels  indicate  clearly  that  the 
stress  redistribution  zone  propagates,  at  a  lower  rate, 


towards 


the  lower  left  corner.  Since  strains  do  not  exceed 
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0.4%  in  compression  and  — 0*6%  in  extension  it  can  be  assumed 
that  very  little  yielding  occurred  in  this  region#  This 
suggestion  of  no  yielding  could  not  be  verified  for  Test 
MC  — 2  because  no  unloading  curves  have  been  recorded  during 
uncontrolled  unloading  while  the  sample  rotated# 

For  comparison »  the  maximum  closure  of  the  tunnel  at 
this  point  is  6*8%  and  the  minimum  closure  — 1«2%#  The 
instrumentation  on  the  other  sides  of  the  tunnel  (lower 
right)  support  the  existence  of  an  elliptical,  equivalent 
opening  but  do  not  show  propagation  of  this  elliptical 
stress  redistribution  zone# 

The  mechanism  considered  here  is  supported  by  the 
observed  crack  pattern#  Figure  6# 12  shows  e  picture  of  the 
top  face  of  the  Sample  MC— 2  after  unloading  at  the  end  of 
Test  MC— 2#9  (N  =  0«2)«  The  following  information  is  shown: 
the  location  of  the  instrumentation  (to  scale);  the 
direction  of  the  Jointing;  the  approximate  direction  of  the 
maximum  (parallel  to  the  joints)  and  minimum  tunnel  diameter 
after  unloading  ( b/a  approximately  0#97);  the  location  of 
the  longitudinal  cracks  in  the  tunnel  (by  the  dot  in  a  half 
circle  close  to  the  tunnel  wall);  and  a  possible  outline  of 
the  stress  redistribution  zone#  The  orientation  of  the 
minimum  axis  of  this  elliptical  zone  coincides  with  the 
location  of  the  longitudinal  cracks  which  seem  to  be  tensile 
cracks  and  support  again  the  hypothesis  of  the  existence  of 
an  elliptical  stress  redistribution  zone#  The  crack  pattern, 
which  is  essentially  an  indication  of  differential  straining 


■  '■  -  J 


' 


. 


305 


Figure  6.12  Crack  Pattern  near  Tunnel  and  Location  of 

Internal  Sanple  Instrumentation 
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(between  coal  and  plaster  of  Paris)  during  unloading, 
confirms  the  assumed  mechanism*  Tensile  cracking  is  visible, 
as  expected,  perpendicular  to  the  direction  of  highest 
compressive  straining* 

The  time-dependent  behaviour  will  be  discussed  later  in 
more  detail  but  it  becomes  obvious,  from  the  stress-strain 
curves  presented  in  Figure  6*11  and  from  the  process 
discussed  above,  that  stress  redistribution  is  not  the  major 
reason  for  creep  at  low  stress  levels  but  that  it  dominates 
the  time-dependent  deformations  at  high  stress  levels  as 
soon  as  the  equivalent  opening  is  expanded* 

6  «  3* 1 «  3  Extension  of  "Equivalent  Opening  Approach"  Beyond 
Y i eldi ng 

From  the  previous  discussion  it  follows  that  non  — 
linearity  in  the  stre ss— strain  or  stress-closure 
relationship  may  be  a  result  of  two  factors:  stress 
redistribution  and  expansion  of  an  equivalent  opening  due  to 
(a)  non— linear,  st re ss—de pendent  creep  and  (b)  yielding  of 
overstressed  rock*  It  is  rather  difficult  to  separate  the 
two  factors  from  the  recorded  measurements  but  there  is 
strong  indication  of  very  little  yielding  up  to  the  final 
test  MC— 2*9*  The  following  observations  are  in  support  of 
this  view*  The  tunnel  wall  remained  intact  during  the  whole 
testing  program  and  no  cracking  was  observed  before  the  last 
unloading*  Most  of  the  external  displacements  and  tunnel 
closures  have  been  recovered*  For  example.  In  Test  MC-2*8 
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both  principal  closure  measurements  have  recovered 
completely  (Figure  6*14)  whereas  the  tunnel  diameter 
perpendicular  to  the  Jointing  showed  about  0*35%  extension 
and  the  diameter  parallel  to  the  jointing  showed  0*45% 
compression  after  10  days  of  recovery*  (Recovery  had  not 
completely  terminated  at  this  time)*  This  observation  may  be 
explained,  but  is  not  supported  analytically  in  this  thesis* 
by  the  stress  redistribution  process  due  to  enistropic,  or 
non-linear,  stress-dependent  creep  properties*  A  certain 
stress  pattern  which  has  been  created  during  the  loading 
history  of  the  model  test  is  relieved  elastically  if  the 
sample  is  unloaded*  The  stress  patterns  created  during 
loading  and  during  unloading  are  not  identical  due  to  the 
different  loading  histories,  and  a  residual  stress  pattern 
with  tensile  stresses  inside  the  equivalent  opening  and 
compressive  stresses  near  the  limit  of  this  equivalent 
opening  remains*  These  stresses  are  redistributed  slowly 
during  recovery*  Because  of  st ress-dependnen t  creep 
parameters  it  is  impossible  to  reach  the  original  state  of 
zero  stress  and  the  original  shape  of  the  opening*  This  may 
result  in  an  over— closure  in  one  direction  and  an  under- 
closure  in  the  other*  The  existence  of  such  a  residual 
stress  field  may  be  the  reason  for  the  gradual  increase  of 
the  equivalent  opening  between  tests  (  b/a  =  1*0,  1*1,  1*4, 
1*75,  see  Figure  6*9)*  This  point  is  further  supported  by 
some  internal  gauges  which  showed  ove r— recovery  (Figure 


6*13)  whereas  others  did  not  recover  completely*  The  proof 
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Figure  6.13  Stress-Strain  Diagrams  of  Internal  Gauges; 
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Figure  6.14  Strees-Strain  Diagrams  of  Test  MC-2.8 
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for  this  explanation  cannot  be  given  here  but  it  should  be 
possible  to  support  it  by  a  finite  element  analysis  with  the 
corresponding  material  properties*  In  addition  to  the 
evidence  given*  it  can  be  seen  from  the  two  tests  with 
N=0*33  that  no  change  in  equivalent  opening  size  occurred 
due  to  the  first  loading  to  10  MPa  during  Test  MC  — 2*7  (see 
Figure  6*9*  both  closure  ratios  of  Test  MC-2*7  and  MC-2.8 
are  equal  to  1*7)*  This  would  not  be  expected  if  yielding  or 
stress  redistribution  had  occurred* 

It  is  not  the  intent  to  extend  the  equivalent  opening 
approach  to  predict  the  model  behaviour  after  extensive 
yielding  has  occurred*  The  following  comments  are  therefore 
speculations  based  on  some  qualitative  observations  during 
further  testing  and  are  included  only  as  a  hypothesis  and  as 
a  proposal  for  further  research;  e*g*  for  further  analysis 
of  the  results  from  Test  MC— 3  and  MC— 4  ( Guenot( 1979  )  )  and 
for  the  evaluation  of  data,  from  case  histories* 

Volume  change  characteristics  constitute  one  problem 
which  complicates  the  equivalent  opening  approach*  The 
effect  of  dilation  may  for  many  rock  masses  be  small*  since 
displacement  occurs  mainly  along  shear  planes  or 
discontinuities*  The  overall  volume  change  may  therefore  be 
negligible*  Nevertheless*  the  effect  of  dilation  on  the 
closure  of  the  real  opening  must  be  incorporated  in  the 
determination  of  the  equivalent  opening*  Any  volume  change 
in  the  stress  relieved  zone  affects  the  closure  measurements 


and  therefore  bears  on  the  method  used  to  determine  the 
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shape  of  the  equivalent  opening*  Other  rock  properties  such 
as  the  post— peak  slope  of  the  stress-strain  relationship  do 
not  influence  this  approach*  The  stress  distribution  and 
therefore  the  shape  and  size  of  the  equivalent  opening  is  a 


di r ec t 


response 


to 


the 


rock  mass  deformation 


characteristics*  For  example,  if  a  zone  of  overstressed  rock 
is  created,  one  portion  will  be  at  its  ultimate  resistance 
while  an  intermediate  zone  is  weakening*  The  zone  farthest 
from  the  tunnel  will  deform  elastically  but  will  undergo 
stress  redistribution*  The  extent  of  the  equivalent  opening 
will  lie  between  the  zone  with  material  at  ultimate  strength 
and  the  zone  with  maximum  tangential  stress*  The  time  — 
dependent  strength  and  fracture  process  will  influence  the 
deformation  pattern  as  soon  as  a  weakening  zone  exists*  In 
practice,  however,  this  process  may  be  important  only  in 
supported  tunnels*  In  unsupported  tunnels,  as  observed  in 
the  model  tests  MC— 3  and  4  ( Guenot(  1979  )  ) ,  rupture  due  to 
sudden  local  instability  (spalling  or  buckling)  may  dominate 


the  time-dependent  failure  process  of  an  opening* 


6 « 3  *  1 » 4  Implications  Resulting  from  Stress  —  Strain 
Observa t ions 

Local  zones  of  weakening  or  rapidly  deforming  material 
causes  stress  redistributions  which  dominate  the  time  — 
dependent  strain  deformation  pattern  long  before  yielding  is 
initiated*  In  practice,  this  stress  redistribution  may  be 
affected  significantly  by  the  excavation  process'  (full  or 


■;  ■ 


■ 

. 

- 


- 


* 


■ 


•  • 


. 


312 


partial  face,  blasting  or  machine  excavation,  rate  of 
advance),  initial  support  Crock  bolting,  anchoring, 
shotcrete),  water  Infiltration,  and  other  factors#  Many 
generally  applied  methods  of  comparing  field  measurements 
assume  no  stress  transfer  and  a  constant  shape  of  the 
equivalent  opening#  This  assumption  leads  to  fundamentally 
wrong  data  Interpretation  because  of  the  neglected  effects 
of  a  change  in  the  shape  of  the  equivalent  opening  boundary# 
The  elastic  deformations  are  altered  significantly  if  an 
opening  is  changed  from  a  circular  to  an  elliptical  shape# 

The  time— dependent  weakening  process  has  not  been 
studied  in  detail  in  this  test  series  but  it  evolves  from 
the  observed  behaviour  in  the  pre-yield  stage  that  weakening 
may  be  an  important  process,  particularly  for  supported 
openings#  This  conclusion  supports  the  view  expressed  by 
NakanoC 1979 )  that  softening  in  shale  may  be  a  more  important 
factor  than  swelling  or  that  long-term  loading  of  supports 
in  shales  must  be  attributed  to  softening  and  weakening 
rather  than  swelling# 


<2jl4  i xx t 1 1 on  fil  Tims  -  Dgpeadsai  fiala 

From  the  previous  discussion  it  follows  that  time  — 
dependent  processes  during  the  loading  of  the  model  tunnel, 
due  to  deviatoric  and  hydrostatic  creep  of  the  rock  mass, 
results  in  time-dependent  stress  redistribution  and  the 
development  and  propagation  of  an  equivalent  opening#  This 
process  is  controlled  by  non-linear,  stress— dependent  and 
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anistropic  creep  properties  at  stress  levels  lower  than  the 
long-term  strength,  and  by  the  ti me— depen den t  strength, 
yielding  and  weakening  of  the  rock  mass  if  the  long-term 
peak  strength  is  exceeded* 

The  equivalent  opening  approach  may  also  be  applied  to 
predict  the  time— dependent  behaviour  and  to  explain  the  test 
results*  It  is  necessary  to  concentrate  on  the  internal 


rad la 1 


strain 


me  a sure me  nt s 


to 


evaluate 


stress 


redistribution*  The  tunnel  closure  or  the  external 
displacement  measurements  are  influenced  by  the  overall  rock 
mass  response  whereas  the  internal  gauges  react  to  local 
processes*  A  gradual  stress  redistribution  away  from  the 
opening  with  increasing  stress  level  will  influence  internal 
gauges  more  and  more  depending  on  the  location  of  the 
measuring  point* 


6*4*1  Interpretation  of  Time  —  Dependent  Results  by 
Equivalent  Opening  Approach 

Figure  6*15  schematically  illustrates  the  process  of 
propagation  of  an  equivalent  opening  and  shows  predicted 
strain  —  time  curves*  For  a  circular  opening  under  a 
hydrostatic  stress  field,  elastic  extension  near  the  opening 
changes  gradually  to  compression  further  away  from  the 
opening*  Over  the  measuring  distance  C AC )  it  is  likely  that 
for  the  geometry  chosen  for  the  test,  compression  is 
recorded  due  to  the  overall  compression  of  the  sample*  Under 


deviatoric  stresses, 


time— dependent  extension  would  be 
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Figure  6»1£  Schematic  Diagram  to  Illustrate  the  Time  — 

Dependent  Radial  Strain  Development 
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expected  but  ti me— dependent  compression  may  be  observed  if 
hydrostatic  creep  dominates  immediately  after  loading  or 
after  deviatoric  creep  terminates*  The  corresponding  strain 
—  time  relationship  is  shown  for  this  low  stress  level  (the 
extension  portion  may  be  missing  or  be  replaced  by  a  low 
creep  rate  plateau)*  It  is  important  to  realize  that  this 
hydrostatic  creep  process  does  not  occur  in  reality,  at 
least  not  in  an  axisyrametric  case* 


At 


higher  stress  level,  or  after  an  equivalent 


opening  has  been  developed,  the  second  drawing  shows  that 
the  extension  zone  moves  away  from  the  tunnel*  Over  the 
measuring  distance  (AC)  the  relative  Importance  of  the 
deviatoric  creep  Increases,  and  less  compression  is  observed 
as  indicated  by  the  strain  —  time  curve  for  a  high  stress 
level*  If  propagation  of  the  equivalent  opening  occurs 
simultaneously  at  this  stress  level  even  more  extension  is 
observed*  This  is  shown  by  another  strain  -  time  curve*  The 
same  process  is  illustrated  schematically,  and  supported  by 
real  data  from  Test  MC— 2*6,  in  Figure  6*16  in  log  strain 
rate  —  log  time  diagrams*  For  the  schematic  diagram  it  was 
assumed  that  the  hydrostatic  creep  (I,  compression),  the 
deviatoric  creep  (II,  extension),  and  the  stress 
redistribution  effects  (III,  extension)  plot  as  linear  lines 
in  a  log  strain  rate  versus  log  time  plot*  The  resultant 
curve  (  1  )  for  a  test  at  a  low  stress  level  6,  and  no  stress 


redistribution  shows  decreasing  negative  strain  rates  for 


the  first  20  hours  and  then  positive  strain  rates*  The  same 
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trend  has  been  observed  for  example  in  Test  MC-2.6  at  6  MPa 
and  9  MPa.  At  higher  stress  levels  stress  redistribution 
influences  this  behaviour  as  shown  by  the  schematic  curve  2 
and  test  data  from  Test  MC-2.6  at  13  MPaf  Test  MC— 2*9  at  14 
MPa  and  Test  MC— 2*8  at  15  MPa*  At  this  stage  various  types 
and  shapes  can  be  observed*  After  an  initial  deceleration 
the  strain  rate  may  increase,  change  sign  or  behave  in  a 


wave— like 


fashion  indicating 


surges 


of 


stress 


redistribution*  Some  of  these  surges  can  be  attributed  to 
load  variations  but  usually  indicate  local  yielding*  Stress 
redistribution  occurs  at  tower  stress  levels  but  does  not 
dominate;  it  is  a  time-independent  or  short-term  process* 
During  the  selected  loading  history  the  time— dependent 
straining  is  controlled  largely  by  the  magnitude  of  the 
stress  increment  relative  to  the  stress  level* 

Figure  6*17  summarizes  typical  data  recorded  by  an 
internal  strain  measuring  device*  The  location  is  shown  in 
Figure  6*12*  It  measures  the  average  radial  strain  between 
about  1*4  and  2*35  times  the  tunnel  radius  in  the  direction 


of 


the  minimum  field  stress*  The  ratio  b/a  for  the 


elliptical,  equivalent  opening,  as  discussed  earlier, 
increases  during  Test  MC— 2*6  from  1*0  to  1*4  and  during 
Tests  MC— 2*7  and  2*8  to  1*75*  The  point  of  zero  radial 
strain  lies,  depending  mainly  on  Poisson's  Ratio,  at  least 
0*25  times  the  tunnel  radius  further  away  from  the  tunnel* 
If  the  average  radial  creep  strain  at  the  location  of  the 


instrument  is  small,  as  observed  during  MC— 2*4,  it  follows 
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for  one  Specific  Instrunent;  N=  1  ,  O.'/S,  0.33  and  0.2. 


TEST  //MC  -  2. 4, 2. 6, 2. 7, 2. 8, 2. 9  WITH  TUNNEL  19  77 
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•that  the  instrument  is  close  to  this  zero  strain  point*  that 
no  significant  equivalent  opening  is  being  developed,  and 
that  hydrostatic  and  deviatoric  creep  are  more  or  less 
balanced  (at  6y=3*  5  and  11  MPa  deviatoric  creep  and  at  6,  7 
to  10  and  12  MPa  hydrostatic  creep  dominates  slightly)*  It 
would  therefore  be  expected  that  the  equivalent  opening 
would  propagate  and  influence  this  instrument  during  Test 
MC— 2*6  (N=0*75)  and  at  high  stress  levels  in  the  following 
tests*  This  can  be  observed  very  clearly  from  Figure  6*17, 
N=0*75*  At  stress  levels  below  8  MPa  deviatoric  creep  is 
followed  by  hydrostatic  creep;  at  8  MPa  time-dependent 
stress  redistribution  occurs  and  increases  the  radial 
extension  but  becomes  stable  after  about  70  hours;  between  9 
and  12  MPa  deviatoric  creep  is  more  pronounced;  at  13  MPa 
another  increased  stress  redistribution  with  no  deceleration 
is  observed;  and  at  14  MPa  further,  but  decelerating,  stress 
redistribution  occurs* 

Throughout  the  three  tests  with  N=0*33  and  N=0* 2 
deviatoric  creep  dominated*  This  is  reasonable  since  less 
compression  of  the  coal  occured  during  repeated  reloading 
and  due  to  the  reasons  discussed  earlier*  During  Test  MC-2* 8 
a  major  time— dependent  stress  redistribution  was  observed  at 
the  maximum  stress  level  of  15  MPa*  The  equivalent  opening 
must  have  increased  to  b/a=l*75  at  the  end  of  this  last 
loading  increment*  Test  MC— 2*8  which  had  to  be  discontinued 
at  10  MPa  did  not  show  any  significant  stress  redistribution 


effect  and  this  was  supported  by  the  results  from  the  study 
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of  the  equivalent  opening  size  (Figure  6*9)  which  showed  no 
significant  change  of  the  ratio  b/a  between  MC— 2.7  and  2. 8. 

Finally,  during  Test  MC— 2.9  (N=0.2)  (note:  double 
scale)  time-dependent  stress  redistribution  was  apparent  at 
low  stress  levels,  most  likely  due  to  stress  redistribution 
in  the  tensile  stress  zone  at  the  tunnel  roof.  At  stresses 
of  14  and  15  MPa  the  equivalent  opening  increased 
significantly  but  no  collapse  of  the  tunnel  occurred.  The 
sample  rotated  at  this  stress  level  and  the  test  had  to  be 
discontinued  due  to  damage  of  one  corner. 

It  is  now  of  interest  to  go  back  and  review  the  time  — 
dependent  tunnel  closure  measurements.  Figures  6.2  to  6.5. 
From  the  equivalent  opening  approach,  it  is  concluded  that 
tunnel  closure  is  governed  entirely  by  the  properties  of  the 
rock  mass  surrounding  the  equivalent  opening  and  the 
propagation  of  the  stress  redistribution  zone.  A  non  — 
symmetric  propagation  results  in  a  shape  change  of  the 
equivalent  opening  and  affects  the  tunnel  closure  ratio 
between  diameters  in  different  orientations.  This 
explanation  is  generally  supported  by  the  time-dependent 
tunnel  closure  measurements.  Figure  6.5  shows  nearly 
constant  creep  strains  up  to  high  stress  levels.  This  would 
be  expected  for  a  linear  visco-elastic  rock  mass  under  the 
given  loading  history  if  no  significant  stress 
redistribution  at  low  stress  levels  occurs.  If  the  rock  mass 
can  be  described  by  a  three  parameter  solid  with  a  number  of 
Kelvin  elements  in  series,  resulting  in  a  power-law 
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relationship  between  strain  rate  and  time,  the  tunnel 
closure  should  show  a  power  relationship  with  different 
parameters  depending  on  stress  ratio  and  angle  of  tunnel 
diameter  orientation.  A  change  in  shape  of  the  equivalent 
opening  would  alter  these  parameters  and,  if  this  change  is 
t i me— dependent ,  it  should  affect  the  linearity  of  the  log 
closure  rate  —  log  time  plot.  No  such  non— linear  trend  can 
be  observed  from  the  summary  sketches,  Figures  6.3  and  6.4, 
even  though  internal  gauges  clearly  indicate  stress 
redistribution  with  time  (see  Figure  6.17).  Nevertheless, 
individual  curves  show  some  non-linearities;  curves  18  and 
20  (MC— 2.6)*  and  20  (  MC— 2.9)  in  Figure  6.2.  None  of  these 
deviations  support  clearly  the  development  observed  from 
internal  gauges.  This  does  not  contradict  the  equivalent 
opening  approach  because  of  the  strong  support  by  the 
measured  s tress— tunne 1  closure  relationship  but  it  confirms 
the  earlier  statement  that  tunnel  closure  is  dominated  by 
the  overall  rock  mass  response  to  stress  redistribution. 
Stress  transfer  in  one  zone  may  result  in  tunnel  closure  in 
another  direction  depending  on  the  shape  change  of  the 
equivalent  opening. 

6.4.2  Interpretation  of  Data  by  Linear  Visco  —  Elasticity 

In  this  section,  a  linear  visco— elastic  material  model 
is  used  to  describe  the  observed  creep  behaviour  at  low 
stress  levels.  It  must  be  realized  that  this  model 


represents  the  material  properties  only  to  a  limited  extent 
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and  may  have  "to  be  replaced  by  a  non-linear  model  for  better 
interpretation  of  the  data*  Nevertheless,  this  simple  model 
will  help  to  explain  the  difference  between  the 
time— dependent  behaviour  of  the  model  tunnel  and  a  tunnel  in 
reality,  particularly  the  effects  of  hydrostatic  creep  or 
consolidation*  Furthermore,  it  will  be  possible  to 
illustrate  the  effect  of  a  non-linear  Bulk  Modulus  on  the 
model  behaviour* 

No  attempt  was  made  to  determine  the  rheological 
parameters  for  the  selected  models  by  curve  fitting  model 
test  or  laboratory  test  data*  It  is  possible  to  determine 
these  parameters  by  comparison  of  creep  and  recovery  data, 
but  this  is  not  necessary  for  the  purpose  described  above* 
Parameters  for  the  calculations  were  estimated  from  test 
results  presented  by  Kidybinski  (1966)  and  Morlier  (1964) 
and  selected  in  such  a  way  that  calculated  creep  rates  and 
retardation  times  compared  with  observations  from  the  model 
tests*  Linear  visco-elasticity  was  chosen  for  three  reasons: 
many  authors  describe  the  time— dependent  properties  of  coal 
by  a  Burger  Model,  some  with  a  number  of  Kelvin  elements 
( Terry(  1 956  )  )  in  series  and  some  with  bi— linear  properties 
( KidybinskK  1966  )  )?  the  results  from  repeated  relaxation 
tests  reported  in  Chapter  2  support  the  selection  of  a 
linear  visco— elastic  model;  the  chosen  loading  history  can 
be  modeled  by  linear  superposition  and  it  is  possible  to 
compare  the  behaviour  at  different  stress  levels  without 


unnecessary  complications* 
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The  stress  field  predicted  from  linear  visco  — 
elasticity  does  not  change  with  time  under  the  boundary 
conditions  of  the  model  test*  The  effects  of  stress 
redistribution  can  therefore  not  be  described  by  this 
material  model  but  the  equivalent  opening  approach  may  be 
applied  if  the  opening  does  not  change  size  or  shape  with 
time  (no  ti me— dependent  stress  redistribution)*  The 
behaviour  during  time-dependent  stress  redistribution  could 
be  simulated  by  considering  an  equivalent  opening  in  a 
linear-elastic  medium  with  t ime— dependent  shape  parameters* 
This  has  not  been  undertaken  in  this  thesis  but  this  process 
model  describes  conceptually  the  observations  made  during 
the  model  tests*  For  example*  creep  (extension)  rates  and 
total  creep  strains  decrease  after  the  tangential  stress 
maximum  has  passed  by  an  instrument*  This  may  be  observed 
from  Figure  6*17  from  results  collected  during  tests  after 
Test  MC— 2*6*  As  discussed  earlier  it  can  be  assumed  that  the 
stress  redistribution  zone  affects  the  instrument  mainly 
during  Test  MC— 2*6*  Much  less  stress  redistribution  can  be 
observed  in  later  tests  except  during  further  extension  of 
the  equivalent  opening  in  Test  MC— 2*8  at  15  MPa  and  Test 
MC— 2*9  at  14  and  15  MPa* 

The  procedure  to  derive  of  the  vi sco— e la sti c  solutions 
for  radial  strains  and  tunnel  closure  from  known  elastic 
solutions  by  application  of  the  Laplace  Transformation  is 
described  in  Appendix  A6*l*  The  diagrams  discussed  later 
represent  specific  solutions  calculated  end  plotted  by 
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computer*  The  results  are  presented  in  similar  diagrams  as 
the  test  data  and  have  been  calculated  for  a  unit  load 
increment  of  1  MPa*  The  response  due  to  higher  increments 
can  be  determined  by  linear  superposition* 

For  comparison,  the  radial  strains  at  the  tunnel  wall 
in  reality  (REAL)  are  given  together  with  the  radial  strain 
at  a  distance  (a)  from  the  centre  of  a  plate  without  tunnel 
(PLATE),  the  displacement  at  the  tunnel  wall  (U(A))  and  the 
sample  boundary  (U(4a)),  and  the  radial  strains  (at  R=1*0A, 
1*25A,  l*5A,  2*0A  and  3*0A  ,  see  Figure  6*19)*  A  3— parameter 
solid  (Kelvin  element  in  series  with  a  Hooke  spring)  has 
been  selected  to  investigate  the  deviatoric  creep  effect* 
During  this  analysis  the  hydrostatic  component  was  assumed 
to  be  linear  elastic  (spring  element)*  In  the  second  part 
both  deviatoric  and  hydrostatic  material  properties  have 
been  represented  by  3— parameter  solids  with  different 
rheological  parameters*  The  individual  parameters  selected 
will  be  discussed  later* 

6*4*2* 1  Effect  of  Time  —  Independent,  Non  -  Linear  Modulus 
of  Compressibility 

The  Bulk  Modulus  K  (or  1/K,  the  modulus  of 
compressibility)  varies  as  a  function  of  stress,  in  many 
porous  or  fissured  materials  like  coal*  It  increases  from  an 
initial  minimum  towards  a  maximum  which  is  equal  to  the  Bulk 
Modulus  of  the  intact  material*  It  may  be  assumed  therefore 
that  K  increases  during  a  model  test  as  the  field  stress 
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increases*  The  corresponding  radial  strain  distribution  for 
stress  increments  at  various  K— values  is  shown  in  a 
schematic  diagram  in  Figure  6*18  and  two  stress— strai n 
curves  for  the  radial  strain  near  the  opening  and  at  depth 
are  sketched  in  the  same  figure*  A  comparison  of  these 
curves  with  real  data  presented  in  Figure  6*11  (top  left 
diagram)  shows  that  the  coal  sample  possesses  a  low  Bulk 
Modulus  at  stress  levels  below  approximately  4  MPa  and 
gradually  approaches  a  maximum  above  this  stress  level*  The 
opposite  behaviour  observed  in  the  same  figure  but  in  the 
bottom  left  diagram  is  a  result  of  the  stress  ratio  N=0*2* 

For  an  incompressible  material  the  strain  pattern  in 
reality  corresponds  to  the  strain  pattern  in  the  model*  For 
a  lower  Bulk  Modulus  radial  strains  increase  (become 
positive)  and  tunnel  closure  increases  accordingly*  The 
latter  may  be  up  to  two  times  the  closure  of  the  equivalent 
case  (N=l)  in  reality*  The  strains  and  displacements  for  a 
stress  ratio  of  uni ty  are  independent  of  K  in  reality  but 
depend  strongly  on  K  in  the  model*  This  applies  as  well  to 
t ime— dependent  strains  and  tunnel  wall  displacements* 

The  effects  of  compre sslbi l iy  on  the  time-dependent 
behaviour  is  illustrated  by  Figure  6*19*  The  rheological 
model  selected  to  calculate  these  curves  was  composed  of  a 
Kelvin  Model  with  a  spring  stiffness  Ei2=6000  MPa  and  a 
coefficient  of  viscocity  Ni2=20000  MPa— Hr  (both  values  are 
one  order  of  magnitude  lower  than  the  ones  given  by 


K idyb Inski (  1 966  )  or  Mor lie r(  1964 )  and  have  been  selected  to 
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Figure  6  •  1  £  Schematic  Ciagran  -to  Illustrate  Effect  of 

Nor-linear  Eulk  Modulus 
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maintain  the  retardation  time  but  reduce  the  total  creep 
strain  to  values  comparable  with  actual  observations)*  The 
spring  in  series  with  the  Kelvin  Element  had  an  assumed 
stiffness  Eit=2000  MPa  (corresponding  to  a  short-term 
material  stiffness  of  Eo=2400  MPa  for  Poisson's  Ratio  equal 
to  0*2*  This  is  slightly  lower  than  determined  by  Kidyblnski 
or  Morller  ).  As  a  first  approximation  it  was  assumed,  and 
this  is  reasonable  for  the  time  intervals  considered,  that 
the  viscous  element  in  series  with  the  spring  can  be 
neglected  in  the  Burger's  Model*  A  unit  load  of  1  MPa  has 
been  applied  instantaneously  to  this  model  and  the  resulting 
strains  and  displacements  were  plotted  as  a  function  of  time 
for  three  Bulk  Moduli  K  =  1000,  500,  100  MPa  and  a  stress 
ratio  N  of  unity*  For  a  linear  elastic  material  (above  4  MPa 
field  stress)  and  the  given  rheological  parameters  the 
K— value  would  be  expected  to  be  close  to  1000  MPa*  A  smaller 
K  means  a  smaller  Poisson's  Ratio  (for  K  near  500  MPa, 
Poisson's  Ratio  is  about  zero  if  E  is  assumed  constant)  or  a 
negative  Poisson's  Ratio  if  K  is  less  than  500  MPa* 

It  can  be  seen  that  extension  creep  should  be  observed 
to  a  depth  of  1 • 5a  except  if  the  material  is  extremely 
compressible*  Furthermore,  these  diagrams  show  that  creep 
strains  should  decrease  continuously  in  extension  or 
compression  with  increasing  distance  from  the  tunnel  and 
that  displacements  should  continuously  increase*  This  does 
not  correspond  to  observations  from  some  of  the 


ext ensome ters  which  showed  a  reversal  of  creep  rate  after 
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about  20  hours* 

It  way  also  be  seen  from  these  figures  that  the  radial 
creep  strains  at  the  tunnel  well  e.re  independent  of  K  in 
reality  (REAL)  and  increases  with  decreasing  K  in  the  model 
test  due  to  compression  of  the  plate  without  tunnel  (PLATE)* 
This  comparison  can  also  be  made  in  future  figures  and  will 
not  be  repeated  each  time* 

From  this  discussion  it  follows  that: 

1*  the  compressibility  has  to  be  considered  if  model  test 
results  are  compared  with  or  applied  to  real  field 
condi t ions; 

2*  compressibility  may  dominate  both  the  stress-strain  and 
strain— time  relationship  observed  in  the  model; 

3*  the  time-independent  effect  would  be  expected  to 
dominate  mainly  at  low  stress  levels?  and 
4*  if  K  is  t i me— independent  the  observed  strain  rate 
reversals  cannot  be  explained  from  linear  visco  — 
elastic! ty* 

Because  of  this  last  point  it  was  decided  to  study  the 
influence  of  time-dependent  compaction  (hydrostatic  creep)* 

6  *  4*  2*  2  Effect  of  Hydrostatic  Creep 

Time— depende nt  compaction!  consolidation  or  hydrostatic 
creep,  would  be  expected  to  dominate  at  stress  levels  in 
excess  of  the  instant  crack  closure  range  but  below  stress 
levels  where  deviatoric  creep  dominates*  In  addition,  it  is 


reasonable  to  assume  that  both  parts,  the  deviatoric  and  the 


, 
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hydrostatic  creep  conponents,  possess  different  rheological 
parameters  which  could  explain  the  observed  reversals  in 
strain  rate*  The  observation  of  a  general  trend  towards 
radial  compression  after  a  certain  time  led  to  the  following 
selection  of  rheological  parameters*  The  deviatoric  creep 
was  simulated  by  a  3-parameter  solid  with  En=4000  MPa 
(Spring)  and  E12=8000  MPa,  Ni2=50000  MPa-Hr  (Kelvin 
element),  and  the  hydrostatic  creep  was  represented  by  a 
3-parameter  solid  with  E2i=4000  MPa  (Spring)  and  E22=12000 
MPa,  N22=600000  MPa— Hr  (Kelvin  element)*  These  parameters 
result  in  a  strain— time  relationship  where  the  deviatoric 
portion  has  a  short  retardation  time  and  the  hydrostatic 
part  has  a  long  retardation  time*  They  have  been  selected  to 
produce  strain  rates,  strain  reversal  times,  and 
stress— strain  relationships  comparable  to  the  model  test 
results*  Two  stress  ratios  N=1  and  1/3  have  been  analysed, 
for  the  latter  case  in  three  directions  0,  parallel  and 
perpendicular  to  the  principal  field  stress  and  at  45°  to 
it*  The  results  are  shown  for  a  load  increment  of  1  MPa  and 
a  stress  ratio  of  unity  in  Figure  6*20  in  strain— time  and  in 
log  strain  rate  versus  log  time  diagrams*  Figures  6*21  and 
6*22  give  the  corresponding  curves  for  a  stress  ratio  of  one 
third  and  for  orientation  angles  0  of  0°,  45°  and  90°*  The 
following  Figure  6*23  summarizes  strain  rate  plots  for  both 
cases  and  for  all  locations*  These  curves  have  been  copied 
by  hand  and  are  therefore  not  as  accurate  as  the  other 
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333 


A 

CO 

cr 

x 

v 

LlI 

X 

H 


_J 

UJ 

cr 


A 

CO 

cr 

x 

v 

LlI 

X 

H 


LU 

cr 


A 

CO 

cr 

x 

v 

LU 

X 

H 


LU 

cr 


>- 


H 

CJ 

H 


CO 

X 


<SdH/%>31UamS  <SdH/%>31Ud*dlS 

Figure  6*22  Log  Strain  Rate  -  Log  Time  Diagrams:  Linear 
Vi  sco— Elas  "tic  i  t  y  with  Deviatcric  and  Bydroetatic  Creep’ 

N=l/3. 


LU 

I 

O 

U 

CO 

H 

> 

cr 

x 

LU 

x 

H 


* 


■ 


STR.RRTE<%/HRS>  STR.RRTE<%/HRS> 


334 


P... .Plate;  R. ...  Reality ;  3.0...3.0A 

a - U (A) ;  4a...U(4A);  1.0...1.0A;  1.5...1.5A;  2.0...2.0A; 


REL.TIHE  <HRS>  REL.TinE  <HRS> 
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A  comparison  of  figures  of  test  d ata,  presented  earlier 


or 


in  Appendix  A6«2»  shows  that  this  simple  linear 


vi sco— el as t i c  model  predicts  the  observed  behaviour 
accurately#  A  variation  of  the  individual  parameters  would 
result  in  a  change  of  the  relative  importance  of  the  two 
creep  components  or  retardation  times  and  almost  any  of  the 
observed  strain— time  relationships  could  be  modeled#  The 
first  row  of  instruments  measures  the  radial  strain  between 
R=l#5  and  2#0  A  and  shows(  according  to  Figure  6#20y  slight 
extension  or  a  no— creep  plateau  which  gradually  tends 
towards  compression#  If  an  equivalent  opening  has  been 
developed  the  expected  behaviour  would  be  close  to  the  curve 
corresponding  to  R=l#25Ar  which  shows  more  extension  and  a 
clear  reversal  of  strain  rate# 

The  similarity  with  real  test  data  Is  even  more 
pronounced  in  Figure  6#22#  It  must  be  realized  that  the 
originally  horizontal  log  strain  rate  -  log  time  curve  is  a 
result  of  the  selected  model  of  two  single  3— parameter 
solids#  Linking  of  a  series  of  Kelvin  elements  with  a 
retardation  spectrum  would  result  In  an  almost  linear 
relationship  in  Figure  6#22  for  both  the  deviatoric  and  the 
hydrostatic  component#  The  dotted  lines  in  this  figure 
correspond  to  extension  rates  and  the  full  lines  to 
compression  rates#  For  a  stress  ratio  equal  to  unity  initial 
extension  close  to  the  tunnel  changes  to  compression  between 


8  and  50  hours  depending  on  instrument  location#  All 


instruments  tend 


towards  the  same  compession  rate  which  is 
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completely  controlled  by  the  hydrostatic  creep  parameters* 
Examination  of  the  typical  data  set  given  in  Appendix  A6*2 
for  Test  MC— 2*6  (N=0*75,  not  unity)  supports  these 
theoretical  curves*  The  same  is  true  for  the  results  shown 
in  the  remaining  three  diagrams  for  a  stress  ratio  of  1/3*  A 
few  interesting  observations  are  worth  describing  in  more 
detail*  The  predicted  behaviour  at  an  angle  ©  of  45°  is  very 
similar  to  the  results  from  N=l*  Actual  data  showed 
significant  deviations  from  this  prediction  and  has  been 
attributed  to  stress  redistribution  effects  or  the 
development  of  an  equivalent  opening*  For  3=90°  (minimum 
stress  direction)  the  tunnel  closure  rates  u(a)  are  very  low 
and  change  from  extension  to  compression  and  back  to 
extension*  This  was  actually  observed  in  some  creep  tests 
and  can  not  be  explained  by  load  fluctuations*  A  similar 
behaviour,  but  with  opposite  signs,  has  been  predicted  for 
the  instrument  at  R=2*0A  and  9=0°  (maximum  stress 
direction)*  Again,  such  behaviour  was  observed  during 
testing  and  can  not  be  explained  otherwise* 

In  summary,  the  model  of  linear  visco-elastic  creep 
under  deviatoric  and  hydrostatic  stress  conditions  predicts 
observed  model  test  results  extremely  well*  The  parameters 
selected  for  this  prediction  are  close  to  values  reported  in 
the  literature*  A  modification  of  the  rheological  model 
would  be  necessary  to  improve  the  prediction  for  the  time 
intervals  of  less  than  one  hour  and  more  than  about  100 


hours* 
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6.4«3  Conclusion 

Stress  redistribution  occurs  around  an  opening  as  a 
result  of  non-linear,  stress— dependent  creep,  non— i so tropic 
creep  properties  and/or  yielding,  strength  loss  and 
strain— weakening*  Collapse  is  initiated  by  rupture  due  to 
strength  loss  or  local  instability*  The  time-dependent 
process  observed  in  the  model  test  may  be  explained 
considering  a  non-linear  Bulk  Modulus  at  low  stress  levels, 
hydrostatic  and  deviatoric  creep  at  intermediate  stress 
levels,  and  t ime— dependent  propagation  of  an  equivalent 
opening  at  higher  stress  levels*  This  time—  dependnent 
propagation  is  a  result  of  non-linear  stress—  dependent 
creep  properties,  local  creep,  and  local  or  global  yielding 
due  to  t i me— dependen t  strength  loss*  The  time-dependent 
rupture  process  has  not  been  investigated* 

The  implications  are  that: 

1*  time— dependen t  compressibiliy  must  be  considered  when 
applying  the  results  from  model  test  to  field 

condi t ions ; 

2*  t ime— dependen t  compressibility  may  play  an  important 
role  in  reality  if  the  stress  ratio  is  not  unity  and  if 
this  compressibility  is  not  isotropic;  and 
3*  non-isotropic  creep  properties  and  the  principle  of  an 
equivalent  opening  due  to  ti me— dependen t  stress 

redistribution  must  be  considered  in  the  interpretation 
of  field  observations* 


These  three  points  will  be  discussed  in  Chapter  7*  336 
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CHAPTER  7 


CONCLUSIONS,  IMPLICATIONS  AND  RECOMMENDATIONS 


2x1 


P-gg-ggrftlga  of  Eaefe  Masses 


Detailed  conclusions  related  to  time-dependent 
properties  of  rock  and  rock  masses  resulting  from  laboratory- 
testing  and  the  development  of  a  phenomenological  model  are 
given  at  the  ends  of  Chapters  3  and  4.  Only  a  few  of  the 
most  important  points  are  repeated  here  and  discussed  in  the 
light  of  their  Implications  or  as  a  Justification  for 
further  research. 

A  schematic  stress  —  strain  curve  for  brittle  rock  has 
been  developed  on  the  basis  of  results  from  mul t i pie— s t age 
repeated  relaxation  tests  on  coal.  It  has  been  concluded 
that  the  stress  —  strain  —  time  relationship  is  a  response 
to  the  rock  structure  at  a  particular  instant  and  its 
evolution  as  time,  strain  or  stress  increases.  Strain  — 
weakening  rock  can  be  stressed  within  a  stable  zone,  where 
t ime— dependent  deformation  terminates  within  an  engineering 
time  scale,  and  within  an  unstable  zone  where  the  rate  of 
deformation  depends  on  the  stress  level  relative  to  the 
current  available  strength;  the  current  available  strength 
is  the  maximum  strength  which  can  be  reached  if  the  rock  is 
loaded  instantaneously.  The  rock  structure  which  develops, 
and  therefore  the  current  available  strength  mobilized, 
depends  on  the  stress  history  and  the  accumulated  strain. 


The 


stress  history  is  controlled  by  three,  important 
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parameters:  the  loading  history,  the  development  of  the 
confinement  pressure,  and  the  stiffness  of  the  loading 
system*  A  particular  rock  possesses  a  structure-dependent 
peak  strength,  strain  to  failure,  ultimate  resistance  and 
extent  of  the  unstable  zone  within  which  time-dependent 
fracture  processes  occur*  The  same  rock  or  rock  mass  may 
develop  different  structures  in  situ  and  respond 
accordingly*  Many  authors  have  investigated  the  response  of 
rock  to  a  certain  loading  history  at  various  stages  of  the 
rock  structure  evolution  but  more  effort  should  be  directed 
towards  the  study  of  the  development  of  different  fracture 
modes,  and  the  related  ti me— dependent  and  time— independent 
behaviour*  The  results  presented  in  Chapter  3  describe  only 
one  fracture  mode,  the  development  of  a  shear  plane  through 
a  discontinuous  joint  system  (coal)  at  low  confining 
pressure*  It  has  been  concluded  that  such  a  material, 
representing  a  brittle  rock  mass  under  a  low  stress  field, 
can  be  described  as  an  elastic  or  vi sco— elastic , 
strain— weakening,  visco-plastic  material*  Further  research 
should  concentrate  on  the  investigation  of  the 
t i me— dependent  behaviour  of  rock  during  the  development  and 
evolution  of  different  fracture  modes  for  various  rock  types 
under  different  conditions*  It  is  essential  for  practical 
applications  to  understand  this  evolution  rather  than  the 
response  at  a  particular  instant* 

A  phenomenological  model  of  rock  with  time-dependent 


properties , 


supported  qualitatively  by  results  from  various 
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testing  methods  reported  in  the  literature,  has  been 
developed.  It  illustrates  clearly  how  the  rock  structure 
controls  the  t i me— dependent  behaviour  of  rock.  Both  a  time- 
dependent  and  a  time-independent  resistance  of  a  rock  can  be 
mobilized  or  exhausted  depending  on  the  stress  history,  the 
state  of  stress,  and  other  factors  like  rock  alteration. 
This  phenomenological  model  has  to  be  extended  to  a 
numerical  model  and  expanded  to  include  other  essential 
parameters.  It  should  eventually  be  implemented  by  finite 
element  analyses  to  allow  investigation  of  structures  in 
rock  experiencing  tl me— dependent  fracture. 


1*2.  Underground  Qgenjpgs  in  £o£k  H&.S££S  with  liier  De.nSQ.de nt 
Properties 

7.2.1  Model  Testing 

Practical  conclusions  and  implications  are  discussed  in 
Section  7.2.2.  In  the  following  a  few  comments  on  the  model 
testing  itself  will  be  presented. 

The  model  studies  undertaken  for  this  research  project 
are  unconventional  in  the  sense  that  it  is  not  the  intent  to 
simulate  a  specific  prototype  but  rather  a  particular 
process.  Difficulties  normally  encountered  during  model 
testing  are  significantly  increased  as  soon  as  -time  — 
dependent  processes  are  involved.  Similitude  relationships 
can  only  be  established  if  severe  assumptions  about  the 
material  creep  law  are  made  (e.g.  linear  visco  — 


elas  t ic i ty  ) • 


This  very  important  problem  of  similitude  has 
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not  been  investigated  and  is  relegated  to  further  research# 
It  is  assumed  that  the  observed  processes  (e#g«  stress 
redistribution)  exist  in  reality  but  it  is  understood  that 
the  time-scale  and  even  the  relative  importance  of 
individual  processes  may  differ#  It  is  recommended  that  this 
problem  of  time— scale  be  Investigated  by  a  study  of  existing 
data  from  case  histories  rather  than  from  dimensionless 
analysis  or  similitude  considerations# 

The  non-linear  and  t i me— de pendent  compressibility  of 
the  model  material  has  complicated  the  interpretation  of  the 
t ime— dependent  measurements  considerably#  This  is 
particularly  important  because  the  rock  mass  compressibility 
does  not  influence  the  deformation  behaviour  in  reality  in 
the  same  manner  as  in  the  model#  In  reality,  under  a 
hydrostatic  stress  field  and  with  Isotropic  material 
properties*  displacements  are  a  function  of  the  shear 
modulus  only  and  independent  of  the  compressibility  or  Bulk 
Modulus#  The  stress  path  is  therefore  very  important  and  it 
is  recommended  that  the  possibility  of  drilling  the  tunnel 
under  applied  field  stress  or  loading  with  simultaneous 
application  of  an  internal  (tunnel  support)  pressure  be 
investigated#  Nevertheless*  the  total  straining  of  the  rock 
is  the  same  in  both  reality  and  the  model*  and  it  can  be 
assumed  that  the  fracture  mode  itself  Is  not  affected 
significantly  by  the  compressibility#  On  the  other  hand*  it 
is  likely  that  the  time— scale  and  the  amount  of  stress 
redistribution  is  exaggerated  due  to  the  compressibility# 
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The  model  test  system  is  developed  to  a  stage  where  it 
produces  reliable  data*  The  sample  instrumentation  performs 
well  but  it  is  Important  to  record  the  location  of  the 
instruments  accurately  and  to  minimize  the  distance  between 
the  anchor  points  of  the  ex ten someters •  The  instruments 
should  be  positioned  as  close  as  possible  to  the  tunnel  if 
the  influence  of  the  tunnel  is  to  bo  observed  and  further 
away  from  the  tunnel  if  the  time— dependent  failure  process 
is  to  be  investigated.  More  testing  should  be  undertaken  on 
the  sample  without  a  tunnel  to  establish  the  creep 
properties  of  the  coal,  the  loading  and  unloading  moduli  for 
fast  and  slow  loading,  the  anisotropy  ratio,  and  the 
heterogeneity  of  the  sample  (stiffness  distribution). 

It  is  now  essential  to  develop  numerical  tools  which 
allow  the  investigation  of  many  of  the  questions  that  have 
arisen.  Numerical  methods  have  to  be  adopted  mainly  because 
of  the  apparent  importance  of  anisotropic  and  non  — 
homogeneous  rock  mass  properties.  More  strength  and  creep 
testing  of  coal  at  high  confining  pressures  may  be  needed  to 
determine  the  material  properties  more  accurately. 

Because  of  the  problem  of  material  compressibility  it 
seems  advisable  to  concentrate,  during  further  model  tests, 
on  the  study  of  the  t ime— dependent  failure  process  rather 
than  on  the  pre-failure  behaviour.  A  flexible  tunnel  support 
system  might  have  to  be  developed  and  installed  in  the 
tunnel  to  increase  the  value  of  the  tunnel  closure 


recorded  during  the  failure  process.  During 


measurements 
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this  phase  of  the  test  spring-loaded  LVDT— pointe rs  may 
penetrate  into  the  broken  material  and  render  the 
measurements  useless* 

7*2*2  Application  to  Underground  Openings 

The  time-dependent  stress  redistribution  and  failure 
process  around  an  underground  opening  can  be  separated  into 
four  phases: 

I)  Development  of  an  initial  stress  state  (elastic  or 
el as to— plastic  ); 

II)  Stress  redistribution  to  zones  of  high  confinement; 

III)  Progressive  yielding  and  rupture  (if  stress  level 
higher  than  long-term  yield  stress); 

IV)  Development  of  stable  equilibrium  or  protective  zone 
(German:  Schutzhuelle ) • 

The  mechanisms  involved  in  each  phase  and  particularly  the 
relative  importance  of  these  processes  are  not  clearly 
understood*  Opinions  still  diverge  considerably  especially 
in  connection  with  the  time— dependent  development  of  these 
phases*  Yielding  and  the  expansion  of  a  plastic  zone  are 
generally  accepted  as  the  major  factors  causing  stress 
redistribution*  This  fact  is  reflected  in  design  methods 
based  on  elasto-plastlc,  dilatant  and  strain-weakening 
material  models*  The  results  of  this  investigation  do  not 
support  the  relative  Importance  of  the  progressive  yielding 
process*  This  is  true,  even  though  global  yielding  has  not 


been  reached  in  the  test,  since  theoretical  calculations 
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with  reasonable  material  properties  predict  significant 
yield  zones  at  the  maximum  stress  level.  It  has  been 
concluded  that  other  processes  causing  comparable  stress 
redistribution  patterns  may  be  equally  relevant. 
Furthermore,  it  follows  from  the  conclusions  in  Chapter  3 
that  the  st ress—h 1 story  must  be  considered  in  the  evaluation 
of  the  plastic  zone  since  the  stress-strain  relationship  of 
a  certain  rock  mass  may  be  significantly  affected  by  the 
stress— hi  story. 

The  results  of  Test  MC— 2  describe  mainly  the 
developments  within  Phase  I,  II  and  IV.  Phase  III  is 
non-existent,  because  of  the  load  level,  or  its  Importance 
is  minor.  The  relevance  of  Phase  III  will  be  investigated  in 
more  detail  in  the  future  on  the  basis  of  the  data  reported 
by  Guenot(  1979  )  but  some  of  the  observations  made  during  his 
tests  are  reflected  in  the  conclusions  presented  here. 

The  loading  in  steps,  as  applied  to  the  model,  differs 
from  reality,  but  it  simulates  the  actual  conditions  during 
tunnel  advance  reasonably  well.  In  reality,  the  initial 
stress  field  changes  from  the  initial  state  of  stress 
through  a  three  dimensional  to  an  ax i symmetric  stress  field 
(for  N=1 )  as  the  face  of  the  tunnel  passes  a  particular 
chainage.  The  radial  stress,  or  the  equivalent  support 
pressure  ( Lombardi (  1971  )  ),  corresponding  to  the  initial 
field  stress  Is  gradually  decreased  from  a  maximum  ahead  of 
the  face  to  zero  at  some  distance  behind  the  face.  The 


stress  pattern  which  develops  at  this  point  during  the 
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tunnel  advance  is  comparable  to  the  stress  pattern  which 
develops  during  step  loading  of  the  model  block#  The 
tangential  stress  reaches  a  maximum  at  the  tunnel  face  and  a 
plastic  zone  develops  if  the  tunnel  is  advanced  further  or 
the  stress  is  increased  in  the  model  test#  The  deformation 
patterns  are  significantly  different  as  a  result  of  the 
stress  history#  The  deformations  in  the  model  are  increased 
because  of  the  compression  due  to  application  of  the  field 
stresses#  The  differences  can  be  corrected  by  considering 
the  deformations  observed  during  the  compression  of  the 
sample  without  a  tunnel#  The  observations  made  during  the 
model  test  can  therefore  be  related  directly  to  describe  the 
behaviour  of  a  real  tunnel  during  face  advance#  The 
similitude  in  time  or  the  relative  time  scale  has  not  yet 
been  established#  It  appears  that  it  is  more  appropriate  to 
determine  this  time  scale  from  field  observations  rather 
than  from  similitude  considerations# 

It  has  been  found  that  stress  redistribution  due  to 
differential  creep*  non-linear,  stress-dependent  creep 
properties  or  local  yielding  of  stiff  and  weak  zones  may  be 
much  more  important  than  generally  accepted#  Tunnel  closure 
has  been  explained  to  be  a  result  of  stress  redistribution 
but  the  interpretation  that  yielding  is  the  dominant  cause 
for  stress  redistribution  may  be  misleading#  This  has  been 
illustrated  in  a  convincing  manner  by  Guenot  (1979)#  During 
Test  MC— 2,  tangential  stress  concentrations  in  excess  of  30 


MPa  should  have  existed  according  to  elasticity  theory  and  a 
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plastic  zone  of  several  centimeters  should  have  been  created 
according  to  an  elas to— plas tic  material  model.  No  such  yield 
zone  has  been  observed  and  this  can  only  be  explained  by 
stress  redistribution  to  zones  of  higher  confinement.  In 
addition,  local  yielding  in  zones  of  high  stiffness,  not 
necessarily  at  the  tunnel  wall,  may  have  occurred  as 
indicated  by  the  internal  gauges. 

During  later  testing  ( Guen o t(  1 979  )  )  again  no  clear 
evidence  of  global  yielding  has  been  observed.  Collapse  was 
initiated  in  these  tests,  after  stress  redistribution,  due 
to  local  instabllties  or  rupture  of  rock  in  areas  of 
weakness.  The  behaviour  in  Phase  III  was  observed  in  these 
tests.  Stable  equilibrium  (Phase  IV)  was  reached  after 
propagation  of  the  fracture  zone  terminated,  possibly  due  to 
size  effects  and  a  general  change  in  post— peak  behaviour  due 
to  increasing  confining  pressure  (more  ductile).  As  a  result 
of  these  observations  it  has  been  concluded  that  Phase  I, II 
and  IV  are  most  important  and  that  Phase  III  may  not  exist 
even  if  displacements  in  excess  of  the  ones  predicted  from 
elasticity  occur,  or  if  low  tangential  stresses  are  measured 
near  an  opening.  Phase  III  might  be  initiated  by  local 
instabilities  but  it  dominates  the  behaviour  in  general  only 
near  collapse  of  the  opening.  A  flow  chart  in  Figure  7.1 
summarizes  processes  and  controlling  properties,  and  shows 
the  influence  of  parameters  affecting  individual  phases.  It 
can  be  seen  that  most  factors  which  ere  under  the  control  of 
the  designer  influence  the  stress  redistribution  or 
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Influence  Parameters 
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Figure  7.1  Process  and  Factors  Controlling  the  Development 
of  a  Stable  Equilibrium  Conditio-  around  an  Opening  in  a 
Kock  Mass  with  Time  —  Dependent  Properties 
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eliminate  Phase  III* 

The  implications  of  these  observations  are,  if  directly 
applied  to  field  conditions,  quite  significant*  Present 
methods  of  interpretation  of  tunnel  closure  measurements, 


e  •  g« 


by 


ground  reaction  curves  determined  from 


elasto-plas t ic  materials  models  under  the  assumption  of  a 
constant  opening  shape,  are  under  certain  conditions 
questionable*  Furthermore,  It  appears  also  that  field 
instrumentation  is  not  always  designed  in  a  manner 
compatible  with  these  processes* 

Three  major  conclusions  of  practical  importance  follow: 
1*  Stress  redistribution  may  be  dominated  by  time— dependent 
deformation  properties  rather  than  yielding  or  strength 
loss*  The  general  shape  of  the  resulting  stress  pattern, 
of  both  the  tangential  and  radial  stresses,  is 

comparable  to  the  one  predicted  from  an  elasto— plasti c 
material  model  and  general  conclusions  which  had  been 
drawn  from  these  models  may  in  principle  still  be 
applicable*  On  the  other  hand,  the  non-symmet ri c 


d is tribution 


of  time— dependent  properties,  e*g* 


compressible  fault  or  shear  zones,  and  their  Influence 
on  the  stress  redistribution  has  to  be  investigated  in 


m 


ore  detail*  The  equivalent  opening  approach  can  be  used 


to  predict  the  shape  of  the  stress  redistribution  zones 


and 


these  predictions  should  be  compared  with 


observations  of  field  stresses  and  local  rock  mass 


features • 


The  concept  of  the  ground  reaction  curve 
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should  be  reviewed  in  -this  light  since  non-linearities 
can  be  attributed  to  stress  redistribution  rather  than 
yielding* 

2*  Excavation  layout,  tunnel  orientation,  rate  of 

excavation,  and  support  system  are  very  important 
factors  which  control  the  process  of  stress 
redistribution*  The  first  three  have  often  been 

neglected  in  the  design  of  tunnels*  The  aim  of  a  tunnel 
design  should  be  to  keep  the  size  of  the  equivalent 
opening  minimal,  to  maintain  it  at  an  optimum  shape,  and 
to  control  the  stress  history*  For  example,  it  is  better 
to  excavate  the  top  heading  first,  then  the  middle  (left 
and  right)  and  bottom  headings,  e*g.  Arlberg  Tunnel 
(  Pacher  and  Seeber(  1978)  or  others  in  the  same 
publication),  than  to  excavate  two  parallel  adits  and 
then  expand  them  to  a  full  opening  (e*g*  St*Gotthard, 
Lombard  i(  1974  )  )•  In  the  first  case  (Figure  7*2),  the 

equivalent  opening  increases  whenever  the  real  opening 
is  expanded  but  a  portion  of  the  real,  and  therefore  the 
equivalent,  opening  is  already  supported  or  at  least 
reinforced*  In  the  second  case,  the  equivalent  opening 
is  almost  equal  to  the  final  equivalent  opening  as  soon 
as  the  two  adits  are  excavated*  Only  a  minor  portion  of 
this  equivalent  opening  can  be  supported  easily,  without 
anchoring  areas  which  will  have  to  be  excavated  later* 
The  related  deformations  causing  straining  of  the  rock 


mass  will  be  much  larger  in  the  second  case*, This  might 
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St.  Gotthard  (Lombardi,  1975) 


Arlberg  Tunnel;  Excavation  Sequence  (Posch,  1978) 


Figure  7.2  Development  of  the  Equivalent  Opening  during  two 

Excavation  Layouts 
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be  at  least  one  of  the  reasons  for  the  extreme 
difficulties  encountered  at  St.Gotthard  and  it  may  also 
explain  the  significant  differences  between  the 
behaviour  observed  during  the  excavation  of  the  small 
safety  tunnel  near  the  location  of  the  major  tunnel  and 
the  problems  encountered  during  excavation  of  the  main 
tunnel • 

It  follows  from  the  same  logic  that  tunnels 


advanced  simultaneously  will  experience 


more 


difficulties  than  during  delayed  advance.  The  support 
provided  by  the  first,  already  lined  tunnel  will  reduce 
the  size  of  the  equivalent  opening*  But  at  the  same 
time,  more  load  would  be  expected  to  be  transferred  onto 
the  support  of  the  first  tunnel  in  the  case  of  delayed 
advance  due  to  changing  size  of  the  equivalent  opening 
after  the  support  has  been  installed* 

The  excavation  rate  may  influence  the  type  of 
instability  experienced  if  it  is  comparable  to  the 
stress  redistribution  rate,  e*g*  a  rock  burst  may  only 
occur  if  the  excavation  rate  is  high  relative  to  the 
stress  redistribution  rate*  This  is  supported  by  an 
extensive  literature  on  rock  bursts* 

The  excavation  procedure  (blasting  or  machine 
excavation)  does  not  only  reduce  the  rock  mass  strength 


but 


it  may  also  change  its  creep  properties  by 


prefracturing  the 


rock* 


Anisotropic  property 


distribution  may  result  as  a  function  of  the  excavation 
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method  and  affect  the  shape  and  size  of  the  equivalent 
opening* 

Support  systems  (anchoring*  shotcrete,  steel  ribs 
and  lagging*  etc*  )  further  influence  the  stress 
redistribution  and  change  the  shape  and  extent  of  the 
equivalent  opening  by  increasing  the  rock  mass  strength, 
by  preventing  local  yielding  and  instability*  and  by 
changing  the  creep  properties  due  to  reinforcement  and 
confinement • 

Both  water  infiltration  and  water  pressure  may 
influence  the  creep  properties  and  the  strength 
parameters  causing  stress  redistribution  and  time  — 
dependent  overst ressing  of  the  rock* 

It  is  important  to  point  out  that  the  equivalent 
opening  approach  (as  presented  here)  does  not  consider 
gravitational  forces  and  that  their  effect  on  tunnel 
stability  has  to  be  considered  separately* 

3*  The  type  of  monitoring  program  must  be  directed  towards 
two  possible  problems:  (a)  the  observation  of  the 

overall  rock  mass  response  and  performance  of  the 
opening,  and  (b)  the  stability  of  the  cavity*  In  the 
first  case,  closure  measurements  are  adequate  and  allow 
extrapolation  for  the  design  of  the  final  lining*  In  the 
second  case,  multiple  ex tensome t ers  (or,  less 
practically  stress  measurements)  are  best  suited  to 
detect  local  yielding  and  possible  zones  of  instability* 


Only  a  combination  of  the  two  methods  allows  delineation 
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of  the  actual  mechanism  involved  in  the  development  of 
the  stress  redistribution  zone*  This  is  in  agreement 
with  current  practice  in  Austria  where  the  time  of 
installation  of  the  final  lining  is  determined  by 
limiting  the  closure  rate  (e*g*  Tauern  Tunnel  6  mm/month 
or  approximately  1  x  10— 4%/hr,  Arlberg  Tunnel  10 
mm/month  or  approximatly  1*5  x  10~4%/hr  ( Pacher  and 
Seeber(1978)  ))•  Extensometer  readings  have  been  used 
for  the  same  purpose  but  not  directly  for  the  evaluation 
of  the  real  deformation  process*  It  is  recommended  that 
results  from  field  measurements  be  studied  in  the  light 
of  the  conclusions  presented  in  this  thesis* 

It  appears  to  be  essential  for  the  evaluation  of 
the  limit  equilibrium  state  and  the  time-dependent 
transition  stages  of  a  tunnel  to  consider  the 
stress— history  since  the  post— failure  behaviour  of  many 
rock  masses  is  affected  by  the  st ress— h i s tory •  The 
extent  and  the  shape  of  the  plastic  zone  as  well  as  the 
type  of  instability  occuring  in  such  a  material  may  be 
stress— history— dependen  t* 

The  implications  of  these  conclusions  on  design 
criteria  can  be  summarized  in  three  statements*  Firstly*  the 
initial  tunnel  support  should  limit  and  control  the  stress 
redistribution  or  the  development  of  the  equivalent  opening* 
It  should  be  flexible  and  it  should  mainly  improve  the  rock 
mass  properties  in  the  critical  areas*  Secondly*  the  initial 
support  must  prevent  local  yielding  or  instabilities  and. 


- 


s  •  -  ' 


s  • 


t 


. 


■ 


.  -  - 


.. 


J§ 

■ 


354 


under  extremely  high  stress  conditions,  stop  major 

instabilities  like  wedge  failures.  Thirdly,  the  final  lining 
must  be  designed  to  stop  stress  redistribution  by  increasing 
the  confinement  and  therefore  reducing  rock  mass 

de  forma  t i ons • 

It  is  recommended  that  these  conclusions  be  verified  by 
further  model  testing,  but  even  more  important,  by  an 
evaluation  of  closure  measurements,  observations  from 
extensome ters ,  and  anchor  load  records.  Detailed  studies  of 
case  histories  are  necessary  to  support  and  prove  some  of 
these  conclusions.  Simple  numerical  models  applied  to  the 
concept  of  the  equivalent  opening  will  be  most  useful  during 
the  initial  stages  of  this  investigation. 

The  objective  of  this  research  project  has  been  to 
investigate  the  ti me— dependent  fracture  process  around  an 
underground  opening.  The  results  presented  in  this  thesis 
indicate  that  this  process  may  not  be  as  dominant  as 
expected  or  alternatively  may  be  significant  only  near  the 
rupture  point.  This  would  imply  that  the  time-dependent 
fracture  process  occurs  only  locally.  Further  testing  and  a 
detailed  analysis  of  the  data  collected  by 
will  clarify  this  point. 


Guenot  (  1979  ) 
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WORKING  DRAWINGS  OF  MODEL  TEST  APPARATUS 
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Fig-'ire  A5.f<  La+pr'al  Rpactior  Head 
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A6.1  DERIVATIONS  AND  EQUATIONS 
A6.2  SELECTED  MODEL  TEST  DATA 
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APPENDIX  A6 

A6.1  DERIVATIONS  AND  EQUATIONS 


A6 . 1 . 1 

a) 

Com!  it  ions  _j_ 

PLATE:  refers  to  the  behaviour  of  a  sample  without  a  tunnel; 

MODEL:  refers  to  the  behaviour  of  a  sample  with  tunnel;  and 

REALITY:  refers  to  the  behaviour  of  a  tunnel  excavated  in  a 

prestressed  material. 

For  a  linear  elastic  medium  the  MODEL  behaviour  can  be 

determined  by  superposition  of  the  PLATE  and  REALITY  behaviour. 

Compression  is  positive; 

Volumetric  strain:  e  ,  =  £  +  en; 

vol  r  0’ 

Stresses,  Strains,  and  Displacements  : 

in  radial  direction:  cr  ,  e  ,  u 

r  r 

in  tangential  direction:  Oq,£q,  v; 

Field  stresses: 

vertical 
horizontal 
longitudinal 

O  .  .  .  Poisson's  Ratio; 

G  .  .  .  Shear  Modulus ; 

K  .  .  .  Bulk  Modulus ; 

E  .  .  .  Young's  Modulus. 


Linear  Elasticity 

Behaviour  of  a  Tunnel  in  an  Elastic  Medium  in  Plane  Strain 


‘ 


. 


Stress  Distribution  (MODEL  and  REALITY) (Obert  and  Duvall,  1967) 


a 

r 


o 


V 


[(1  + 


°e--r  1(1  + 


T 

re 


N)  (1  -  p-)  + 

N)  (1  +  7)  - 

r 

-  N)  (1  - 


4  2 

(1  -  N)(l  +  3pr  +  4p)  cos26 ] 

a4 

(1  -  N)  (1  +  3— if)  cos26 ] 
r 

2 

+  2—j)  sin26 
r 


(A6.1) 


(A6.2) 


(A6.3) 


Note:  Stresses  are  independent  of  material  properties. 


MODEL 


Radial  Strain  Distribution  (MODEL) 


°v(1 


O2) 


2E 


[(1  +  N)(l  -  p)  +  (1  -  N)(l  -  -p-  -  4p)  cos20 ] 


avu(l  +  o) 


3a 


— -  [(1  +  N)  (1  +  -t  )  -  (1  -  N)(l  +  -ip-)  cos20]  (A6.4) 

2E  r  r 


Radial  Displacement  (MODEL) 


0(1  -  U2) 


2  „2 

v  r  /  .  a  N  ,  „w  a  .  ,  a 


u  =  - — - [(1  +  N)  (r  +  — )  +  (1  -  N)  (r  -  -j  +  4 — )  cos20] 

ZR  r  r  r 


I 


' 
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at  r  =  a: 


u 

a 


o  (1  -  u2) 
v _ _ 

E 


a[ (1  +  N)  +  2(1  -  N)  cos20 ] 


or  in  general  for  the  axisymmetnc  case  of  a  circular  tunnel: 


9u  u 


PLATE: 

-  Radial  Strain  Distribution  (PLATE) 

a  (1  +  u) 

e  =  - -V  V-. -  [(1  -  2u)  (1  +  N)  +  (1  -  N)  cos20 ] 

r  Zh 

O  E 
v 

and  for  N  =  1:  £  =  — - 


Radial  Displacement  (PLATE)  (Berry,  1967) 

O  (1  +  u) 

u  =  V  • -  r [ (1  -  2u) ( 1  +  N)  +  (1  -  N)  cos20] 


and  by  subtracting  the  two  sets  of  equations  from  each  other: 


REALITY: 

-  Radial  Strain  Distribution  (REALITY) 


C 

r 


-O  (1  +  u)  2  2  4 

- [d  +  N)(lz)  +  (1  -  N)(cos20){4-A  - 

ZL  r  r  r 


-u(-  2  - 


+ 

r 


^t)  }  ] 


(A6.6) 


(A  6.7) 


(A6.8) 


(A6.9) 


» 

' 
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-a  2 

and  for  N  =  1:  £r  =  — -  (-pr) 

-  Radial  Displacement  (REALITY) 

av(l  +  u)  2  2  4  42 

u  =  ■  ■  ■  - [(1  +  N)  (— )  +  (1  -  N)  ( cos 26)  { 4—  -  ^  -  U(2r  -  +  4—)}] 

ZE  r  r  r  r  r 

(A6.10) 


and  at  r  =  a:  (Berry,  1967) 

a  (1  +  u) 

ua  =  — — — y- —  [(1  +  N)  +  (1  -  N)  ( cos26)  ( 3  -  4u)  ] 

b)  Closure  Ratio  for  Circular  and  Elliptical  Openings: 

The  following  is  based  on  the  equation  and  the  graphs  given 
by  Feder  (1978) .  The  Closure  Ratio  (CR)  is  defined  as  the 
ratio  between  the  closure  of  an  elliptical  (or  circular) 
opening,  with  an  axis  ratio  b /a, sub jected  to  a  particular 
stress  field  (N) ,  and  the  closure  of  a  circular  opening, 
subjected  to  a  stress  field  with  a  stress  ratio  N  of  unity. 
The  closure  of  the  ellipse  in  the  direction  of  the  long  axis  b 
has  been  calculated  as  if  it  was  measured  at  a  distance  r  =  b 
from  the  tunnel  axis.  It  is  therefore  assumed  that  the  material 
between  the  equivalent  opening  and  the  real  opening  does 
experience  a  volume  decrease.  (Short  axis  of  ellipse  =  tunnel 
radius  a;  long  axis  of  ellipse  =  b;  b/a  =  1  circle; 


‘ 


I  I 


•J 
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b/a  >  1  ellipse  in  direction  of  b; 
el  ...  ellipse ; 
ci  ...  circle ; 

Fr  ..  .1  constants  given  by  Feder  (1978,  Figure  23). 
>  No  a 

Fn  ...)  u  =  [Fr(l  -  U2)  +  Fnu(l4  m)] 


CR 


u(N) 

u(N 


ellipse 


=  1)  .  , 
circle 


u(N  =  1) 


+  u  (N) 

REALITY  v  2  PLATE,  r  =  b 
ci,  REALITY  +  U (N  =  ^ PLATE,  r 


a 


N[F  .(1  -  U2)  +  F  U ( 1  +  U)]  +  C(N,b) 

r?el  n»ei  _ 

N[F  (1  -  U2)  +  Fn  . U(1  +  U)]  +  C(N  =  1,  b  =  a) 

r ,  ci  ri,ci 


(A6.ll) 


where : 

C(N,b)  =  ^-(1  +  u)[(l  +  N) (1  -  2u)  +  (1  -  N)  cos26 ] 
2a 


This  equation  (A6.ll)  has  been  used  to  calculate  Figure  6.9.B. 


c)  Circular  Tunnel  in  an  Orthotropic  Medium: 

From  Sonntag  (1958,  eqn.  1.33,  1.34)  the  following  tunnel  wall 
displacement  (r  =  a)  has  been  derived: 

(Ex  parallel  to  and  E2  parallel  to  o^) 

MODEL : 


u 

V 


=  o  a[ 
v 


1_ 

Ei 


+ 


(1  ~  N) 

%/eIe7 


% 


rN 

=  a  a  — 
v  E2 


v^eTeT 


(A6. 12) 


’ 


' 

- 
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PLATE : 


a  a 
v 


Na  a 


v 


(A6.13) 


U,  = 

h  E2 


REALITY: 


u 


V 


(A6.14) 


A6 . 1 . 2  Linear  Visco-Elasticity 


The  correspondence  principle  has  been  used  to  calculate  the 
time-dependent  tunnel  closure  and  the  radial  strains  for  a 
linear  visco-elastic  material.  The  elastic  behaviour  under 
hydrostatic  pressure  and  the  visco-elastic  behaviour  under 
distortion  (Case  I),  as  well  as  case  (II)  with  visco-elastic 
behaviour  under  both  hydrostatic  and  deviatoric  stress,  has 
been  analysed.  The  stresses  are  independent  of  material  proper¬ 
ties  and  therefore  independent  of  time.  This  follows  from  the 
correspondence  principle. 


The  equivalent  to  a  Young's  modulus  in  terms  of  the  time  operators 
is  (Findley,  et  a_l.  ,  1976): 


(Relaxation  Modulus 


(A6.15) 


P  2Q1  +  2P iQ2  Ev(t)  =  a(t)/e(t)) 


and  the  equivalent  of  Poisson's  ratio  is 


P1Q2  -  P2Q1 


P2Q1  +  2P1Q2 


(A6.16) 


' 

.  ; 
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The  transformed  time  operators  are  tabulated  for  various 
material  models  in  Findley,  ert  a_l.  (1976)  or  Fluegge  (1967). 
For  the  two  cases  considered  here  they  are: 

I)  distortional  1:  Hooke  +  Kelvin ( 3-parameter  solid) 

(Eii,  E i 2  >  N12) 


Hydrostatic  2:  elastic  (E21) 

Pi(s)  =  1  +  p 1 s  Qi(s)  =  q0  +  qis  \ 

}  (A6.17) 

P2(s)  =  1  Q2(s)  =  3K  ) 

where:  K  =  Bulk  Modulus; 

pi  =  Ni 2/ (Ei 1  +  Ei 2) ; 

q0  =  EiiEi2/(Eii  +  E 1 2 ) ; 

q  1  =  EhNi2/(Eii  +  E12). 

II)  distortional  1:  Hooke  +  Kelvin  (3-parameter  solid) 

(E11,  E 1 2  »  N12) 

hydrostatic  2:  Hooke  +  Kelvin (3-parameter  solid) 

(E 2 1 ,  E2  2  j  N2  2) 

Pi(s)  =  1  +  p 1 s  Qi (s)  =  q0  +  qis  ) 

\  (A6.18) 

P2(s)  =  1  +  ns  Q2  (s)  =  V0  +  Vis  ) 

where:  ri  =  N22/(E2i  +  E22) 

Vo  =  E2 1 E2  2 / (E2 1  +  E22) 
vi  =  E21N22/ (E21  +  E  2  2 ) • 


- 


. 


- 


' 
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The  time-dependent  closures  or  strains  can  be  found  by  trans¬ 
formation  of  the  known  elastic  solution,  e.g.  the  tunnel  wall 
displacement  u(r  =  a)  for  a  hydrostatic  stress  field  N  =  1  is 
in  reality  (from  A6.10): 


u 


(1  +  u) 

E 


<5 


f 


1  +  U 
-  -> 

E 


u 


fa  a 
v 


(A6.19) 


After  Laplace  transformation  and  substituting  the  transformed 
equivalents  for  E  and  u  (A6.15,  A6.16): 

Pi  Pi 

u(s)  =  -Q^v3;  f(s)  =  qY  (A6.20) 

(Note:  tunnel  closure  in  reality  is  independent  of  hydrostatic 

behaviour) . 


For  a  suddenly  applied  field  stress  a  the  transformed  stress 


is  Ov(s)  =  av/s .  Inserting  this,  and  equations  A6.17,  for 


case  I  gives : 

1  +  pis 

u(s)  = 


_  1 

q  o  +  qis  s 


0^  = 


f  (s) 


o  v3 


(A6.21) 


After  the  inverse  Laplace  transformation,  employing  mathematical 
tables  or  partial  fraction  expansion  (Findley,  et  al. ,  1976,  A4) ; 
the  displacement  as  a  function  of  time  is: 

1  Piqo  -at  q° 

u(t)  =  —[1  -  (1  -  — — )e  ]a  a;  a  =  —  (A6.22) 

qo  qi  v  qi 

l - - - 1 

f(t) 

+  u(t)  =  f (t)ava. 


■ 

- 


\ 
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In  short  form: 


u  =  fa  a  ■+ 
v 

✓  \  f(s) 

u(s)  =  - a  a 

s  v 

u(t)  =  f(t)ava, 


Examination  of  equations  A6.4  to  A6 . 10  shows  that  various 
f-f unctions  have  to  be  transformed. 


fi  =  --1-  ;  f i  ( s )  =  ~~~  ;  for  "REALITY". 

E  Qi 


f2  .  (1  +  °>(1  -  2'-l)  ;  f2(s)  -  P2Qi3!-;;,2  ;  for  "PLATE' 


,  (1  -  u2)  r  ,  \ 

f3  =  - - -  ;  f  3  ( s )  = 


Pi  (2P2Q!  +  P i Q2 ) 
07  (P 2Qi  +  2Pi Q2 ) 


;  for  "MODEL". 


f  4  = 


u(l  +  u) 


f  4  (  S  )  = 


Pi  (PlQ2  ~  P2Q1) 
07  (P  2Ql  +  2P ! Q  2 ) 


;  for  "MODEL"  and  "REALITY" 


(A6.23) 


The  time  functions  after  inverse  transformation  are 


CASE  I 

f ! (t)  =  ^-[1 

qo 


(i 


piqo 

qi 


]; 


a 


qo 

qi 


f2(t)  =  -  (|  -  Pl)e  6t];  a  =  q,  +  6Kp; 

q  +  6K 

3  =  — ^ - 

P  qi  +  6Kp 1 


(A6.24) 
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f  ,(t)  =  ~~r [ B  +  Ce  at  +  De  B  a3 

3  q 1 A 


c  =  ,  3  „  +  ,  ■  b-  ,  +  ca 


a(a  -  3)  (3  -  a)  (a  -  3) 


(A6.24) 


D 


+ 


c3 

(3  -  a) 


a  =  2qo  +  3K;  b  =  2qi  +  3Kpx  +  2piqo  +  3Kpi  ; 
c  =  2p i q i  +  3Kp i 2 . 


f 4 ( t )  was  not  used. 
CASE  II 


fi(t)  same  as  for  case  I; 

The  other  functions  are  of  the  following  general  form: 


f(t)  =  C0 [Ci  +  C2e  Sot  +  C3e  Slt] 


(A6.25) 


with  complicated  constants  C0  ,  Ci  ,  C2  »  and  C3. 

A  small  computer  program  has  been  written  to  calculate  the  individual 
constants,  the  displacements  and  strains.  It  is  not  reproduced  in  this 
thesis  since  it  is  a  straight-forward  application  of  the  principles 
discussed  above.  For  example,  the  tunnel  wall  displacement  in  the  model 
test,  as  a  function  of  time,  follows  from  equation  A6.6: 


u  (t)  =  f3(t)o  • 

ci  V 


af (1  +  N)  +  2(1  -  N)  cos20] . 


.  j 


- 
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A6.2 


A6 . 2 . 1  Tables  of  Measured  and  Predicted  Closure  Ratios : 

The  data  presented  in  Figure  6. 9. A  and  the  predicted  values  are 
presented  in  the  following  two  tables: 

TABLE  A6 . 1 :  Displacement  u  and  Displacement  Ratio  u/uo  of  External  Gauges 
for  Tests  MC-2.0  to  MC-2.9  (u  =  displacement  at  10  MPa  minus 
crack  closure  displacement) . 
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Table  A6.2:  Tunnel  Closure  u  and  Closure  Ratio  u/uo  for  Tests  MC-2.4 
to  MC-2.9  (u  =  closure  at  10  MPa  minus  effect  of  crack 
closure) 


MC 

2.4 

MC 

2.6 

MC 

2.5 

MC 

2.7 

MC 

2.8 

MC 

2.9 

N  =  oh/av 

1.0 

0.75 

0.5 

0.33 

0.33 

0.2 

a  (max) ,  MPa 

V 

7 

14 

3(*) 

10 

15 

15 

0=0° 

(vertical)  1 

u 

-i 

uo' 

1.4% 

1.0 

(1.0) 

1.6% 

1.14 

(1.13) 

1.88% 

1.34 

(1.25) 

2.44% 

1.74 

(1.33) 

2.44% 

1.74 

(1.33) 

3.05% 

2.18 

(1.4) 

0  =  45° 

(parallel  to 
j  ointing) 

u 

-{ 

Uo' 

1.7% 

1.21 

(1.0) 

1.49% 

0.88 

(0.88) 

1.47% 

0.86 

(0.75) 

1.15% 

0.68 

(0.66) 

1.1% 

0.65 

(0.66) 

1.25% 

0.74 

(0.6) 

0  =  135° 
(perpendicular 
to  jointing) 

!-f 

l  Uo' 

1.32% 

0.94 

(1.0) 

1.16% 

0.88 

(0.88) 

1.14% 

0.86 

(0.75) 

1.01% 

0.77 

(0.66) 

0.87% 

0.66 

(0.66) 

0.8% 

0.61 

(0.6) 

0  =  90° 
(horizontal) 

u 

-1 
u  ' 

0 

1.44% 

1.03 

(1.0) 

0.85% 

0.59 

(0.63) 

0.58% 

0.40 

(0.25) 

0.14% 

0.1 

(0.0) 

0.14% 

0.1 

(0.0) 

-0.6% 

-0.42 

(-0.2) 

Note:  (*)  extrapolation  to  10  MPa  might  result  in  overestimation  of 

strain  and  closure  ratio  u/u0> 

(...)  predicted  value  for  opening  in  elastic  medium 

u  ...  tunnel  closure  at  10  MPa  assuming  a  linear  tangent  modulus 
at  7  MPa 

uo  ...  tunnel  closure  for  N  =  1  and  0  corresponding  to  0  of  u 
u(%) 


A6 . 2 . 2  Collection  of  Diagrams 


The  following  thirteen  figures  include  additional  data  which  have  not 
been  presented  in  the  core  of  this  thesis. 
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X104  SURF.STR.V  ( KPR )  X104  SURF.STR.V  ( KPR ) 

1  0.2  0.3  0.4  0.6  0.6  0.7  0.0  0.1  0.2  0.3  0.4  0.6  0.6  0.7 
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TEST  MC-2 . 0  WITHOUT  TUNNEL  1977 

Figure  A 6 • 1  Stress-Strain  Diagram:  Test  MC-2.0;  no  record  of 
Internal  gauges  due  to  technical  problems 
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Xio4  SURP.STR.V  ( KPfl )  XIO4  SURF.STR.V  ( KPR ) 

0.0  0.2  0.4  0.6  0.0  1.0  1.2  1.4  0.0  0.2  0.4  0.6  0.0  1.0  1.2 
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RV. STRAIN  m 

TEST  #MC-2  •  4  WITH  TUNNEL  1977 


Figure  A6*2  Streas-Sfraln  Diagram:  Test  MC- 2»4;  no  record  of 
internal  gauges  due  to  technical  problems 
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00*1  0S*0  00T  00*1  os*o  ool-c 

tOix  (tfd>n  A-dis-ddns  toix  (dd>n  A-dis-ddns 

Flgurp  A6»3  Stress-Strain  Diagram  and  Loading  History:  Test 

MC— 2 • 6 • 
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Figure  \6«4  Stress-Strain  Diagram  and  Loading  History:  Test 

MC-2.7. 


flV. STRAIN  (%)  TEST  #MC—2-7  AV. STRAIN  {'/.) 


■ 
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MC-2. 9. 


TEST  #MC- 
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Figure  Aft. 6  Strain-Time  Diagram:  Test  toC  —  2.6*  Gauges  1  to  16 


TEST  »MC-2  <6  WITH  TUNNEL  1977 


STR .RHTE<X/HRS>  STR . RRTE<Z/HRS> 
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REL-TIME  <HRS>  REL  .TIME  <HRS> 
TEST  MC2.6  AT  9000  KPA 


Figure  A6*7  Log  Strain  Fate*  -  Log  T 3  ire  Diagram:  Test  MC  —  2*6, 

Gauges  1  to  A 
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I  I  i|  y  r 


STR  .RRTE<7./HRS>  STR  .  RRTE<X/HRS> 
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REL.TIME  <HRS> 


REL.TIME  <HRS> 


TEST  MC2.6  RT  9000  KPR 


Figure  A6.8  Log  Strain  Ra +e  —  Log  Time  Diagram:  Test  MC— 2.6, 

Gauges  F  to  8 
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STR.RflTE<Z/HRS>  STR • RRTE<Z/HRS> 
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REL.TIME  <HRS>  REL  .TIME  <HRS> 

TEST  MC2.6  AT  9000  KPA 


F  !  g»i  r 


A6*9  Log  Strain 


Rate  —  Log  Time  Diagram! 
Gauges  9  to  12 


Test  MC  — 2  «  6  t 


I . 


STR  -RHTE<7./HRS>  STR  .  RATE<Z/HRS> 
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REL.TIME  <HRS>  REL-TIME  <HRS> 
TEST  MC2.6  AT  9000  KPA 


Fi eure  A 6.10  Log  Strain  Rate  -  Log  Time  Diagram:  Test  MC  —  2 • 6  » 

Gauges  13  to  16 
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993^19’ UaON 


Figure  A6«ll  Strain-Time  and  Normalized  Stress 
Diagram!  Test  MC— 2*6,  Gauges  17  to 


—  Ti  me 

22 


TEST  #MC-2 . 6  WITH  TUNNEL  1977 
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STR.RRTE<7./HRS>  STR.RRTE<7./HRS> 
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REL.TIME  <HRS>  REL-TIME  <HRS> 
TEST  MC2.6  RT  9000  KPR 


Figure  A6«12  Log  Strain  Rate  —  log  Time  TTie*?ram:  Test  MC-2«6» 

Gauges  17  +0  20 


- 
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STR  . R ATE<X/HRS>  STR  . RATE<7./HRS> 
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REL  -TIME  <HRS> 
TEST  MC2.6  AT  9000  KP A 


Figure  A6.13  Log  Strain  Rato  —  Log  Time  Diagram:  Tost  MC— 2»6t 

Gaue?=  21  to  22 


■ 


